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k   thermal conductivity, )/( KmW  
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fram ,&   
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)(, tm presa&   mass diffusion flux obtained by vapor pressure drop, )/( 2 smg  
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mass diffusion flux obtained by the theoretical solution of the 
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idlrefm ,  
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n   refractive index 
N~   molecular weight of ammonia, molg /17  
iP1   initial pressure in the test cell, kPa  
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)(tPV   measured vapor pressure during absorption, kPa  
refP   reference pressure at time of opening inlet valve, kPa  
jQ   molar heat of reactions, molkJ / , ( j = 1,2,3,4) 
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total heat released from the absorption reaction at the interface, 
2/ mkW  
)(tqL   
the part of the released heat that transfers into the liquid bulk, 
2/ mkW  
)(tqV   
the part of the released heat that transfers into the vapor bulk, 
2/ mkW  
R   gas constant of ammonia, )/(48821.0 KgJ  
jr   coefficients of equation (7-12), (j = 0,1,2) 
S   cross section area of the test cell, 2m  
 vii
)(tTjL   measured temperatures in liquid bulk, (j = 1,2), Co  
t   time, sec  
iT   initial temperature, Co  
)(int tT   interface estimated temperature, Co  
)(tTjV   measured temperatures in vapor bulk, (j = 1,2,3), Co  
V   total volume of the vapor bulk, 3m  
)(tv   specific volume of the vapor, kgm /3  
z   depth from the interface, m  
Cz   depth propagated by concentration during diffusion, mm  
jLz   depth of thermocouple in liquid bulk, (j = 1,2), mm  
jVz   depth of thermocouple in vapor bulk, (j = 1,2,3), mm  
Tz   depth propagated by temperature during diffusion, mm  
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λ   wavelength 
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int   interface 
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C H A P T E R  1  
INTRODUCTION 
1.1 History of refrigeration 
The industrial revolution, which began in the mid-1700s, is considered as the most 
significant ensemble of technological, social, and cultural changes in human history. 
One noted scholar asserts about the industrial revolution: “In two centuries, daily life 
changed more than it had in the 7000 years before”. The heart of the industrial 
revolution consisted of a series of great technological achievements in: 
1. The substitution of mechanical devices for human skills.  
2. The substitution of inanimate power, most especially steam power, for human and 
animal power.  
3. Huge improvements in obtaining and working raw materials, especially in 
metallurgy and chemistry.  
Applied first in coal mining and textiles, the new techniques, new machines, and new 
methods rapidly spread into other industrial areas. 
Refrigeration was one of those technological achievements, but before mechanical 
refrigeration systems were introduced, people used to cool their food with ice and snow, 
either found locally or brought down from the mountains. The first cellars were holes 
dug into the ground and lined with wood or straw and packed with snow and ice; this 
was the only means of refrigeration for most of history. The first practical refrigeration 
machine was built by Jacob Perkins in 1834, where it used ether in a vapor compression 
cycle. Refrigerators from the late 1800s until 1929 used the toxic gases ammonia (NH3), 
methyl chloride (CH3Cl), and sulfur dioxide (SO2) as refrigerants. Several fatal acci-
dents occurred in the 1920s when methyl chloride leaked out of refrigerators. Three 
American corporations launched collaborative research to develop a less dangerous 
method of refrigeration; their efforts lead to the discovery of Freon. In just a few years, 
compressor refrigerators using Freon would become the standard for almost all home 
kitchens. Only decades later would people realize that these Chlorofluorocarbons, CFCs, 
endangered the ozone layer of the entire planet. 
Absorption system essentially operates in the same manner as a compression system, 
but instead of going through a compressor, the refrigerant is absorbed in some substance 
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or other, and then released to a condenser by heating. The fundamentals of absorption 
refrigeration were formulated about 1777, but it was 1850 before a successful absorp-
tion machine was developed. In 1860 a United States patent was issued to Ferdinand 
Carre, a Frenchman, for the first commercial absorption refrigeration machine. By 1890, 
the absorption machine had been developed for large refrigeration plants and from 1890 
to about 1900 many large units were installed, especially in the petroleum industry and 
in plants manufacturing bulk chemicals [1]. 
 
1.2 Environmental concerns 
The great technological achievements of mankind have unfortunately resulted in 
some serious problems. Huge amounts of heat-trapping gases are being released to the 
atmosphere through the exhausts of power generation stations, factories, automo-
biles…etc. These gases, together with the chemical compounds and refrigerants that be-
long to the CFCs, have caused our environment severe damages. Global warming and 
ozone layer depletion are just two examples. The Ozone Layer is found in the 
stratosphere between 10 – 50 km above the ground. It protects us from the harmful 
effects of certain wavelengths of ultra-violet, UV, light from the sun, specifically UV-B. 
Any significant decrease in the ozone of the stratosphere would result in an increase of 
UV-B radiation reaching the earth surface, which can result in the increase in skin 
cancers, suppress the immune system, exacerbate eye disorders including cataracts and 
affect plants, animals and plastic materials [2].  
The Montreal Protocol, established in 1987 and signed by forty-three nations, set in 
motion the phase-out of the CFCs, thus accelerating the movement to find environmen-
tally-safe alternatives. Hydrochlorofluorocarbons, HCFCs, were widely accepted as 
suitable replacements. However, in 1990 HCFCs were added to the list of compounds to 
be phased out. Another alternative, Hydroflourocarbons, HFCs, are considered benign 
with respect to ozone depletion but HFCs have been identified as green-house gasses 
and their use is coming under increased international pressure. The most important 
consideration is that virtually all refrigerants used in electric cooling systems are either 
targeted for phase-out or are under increased scrutiny, with more stringent regulations 
and harsher penalties for improper use and disposal [2]. 
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1.3 Attractive points of the absorption refrigeration cycle 
One main reason for the growing use of absorption chillers has to do with the fact 
that these chillers use no ozone-destroying substances and are said to have less impact 
on global warming. Another factor that should make absorption chillers more attractive 
is that an absorption chiller can provide both chilled and heated water. Thus, a properly 
sized absorption chiller can supply both a building's cooling and heating requirements, 
eliminating the need for a separate boiler. It is also possible to configure an absorption 
chiller to supply both chilled and heated water simultaneously for process applications. 
On the other hand, absorption refrigeration cycle is thermodynamically described as 
heat-oprated cycle. Most of the total operating cost is due to supplying it with heat 
which can be provided either by solar energy or by a waste heat source. This advantage 
is added as another attractive point of this cycle. 
Because of the great attention that absorption refrigeration has gained, there are quite 
many absorption applications all over the world. Japan’s technology and products oc-
cupy a major position in the world market. At the time of oil crisis in 1973-74, Japan 
had endeavored to develop absorption chillers and improve their performance through 
the united efforts of both the government and industry. 
 
1.4 Configuration of the absorption refrigeration cycle 
Vapor absorption refrigeration cycle, VAR, consists in its basic configuration of five 
heat exchangers and a circulating pump as shown in Fig. 1.1. A mixture of two sub-
stances is used as a working fluid where the more volatile one is the refrigerant and the 
other one is the absorbent. In the generator, heat is supplied to the liquid mixture to 
drive off vapor refrigerant and, as a result, the remaining mixture becomes poor in re-
frigerant and flows to the absorber. High-pressure vapor refrigerant then flows to the 
condenser where it condenses to enter an expansion valve that reduces its pressure. The 
outlet of the expansion valve leads to the evaporator into which the liquid refrigerant 
flows and removes heat at low pressure turning into vapor again. The next step is enter-
ing the absorber which has two inlets, one for the refrigerant vapor that flows from the 
evaporator, and the other is for the poor mixture that flows from the generator after 
passing through an expansion valve. In the absorber, the refrigerant vapor is absorbed 
into the poor liquid mixture and heat is released due to the exothermic absorption reac-
tion. The released heat is removed by a cooling medium. Absorption process causes the 
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mixture to become rich again in refrigerant. The circulating pump, then, raises the pres-
sure of the rich liquid mixture delivering it to the generator to repeat the cycle.  
 
Poor 
mixture
Rich 
mixture
Generator
Absorber
Condenser
Evaporator
High pressure vapor refrigerant
Low Pressure Vapor Refrigerant
EV
EV
Pump
QC
QA QE
QG
Solar
Heat
Waste
Heat
HE
 
 
Fig. 1.1 Basic vapor absorption refrigeration cycle (VAR). 
EV: expansion valve, HE: heat exchanger. 
 
Vapor absorption refrigeration cycle, VAR, is described thermodynamically as heat-
operated cycle compared to the vapor compression refrigeration cycle, VCR, which is 
described as work-operated cycle. This point is clarified in Fig. 1.2 which represents a 
comparison between the two cycles from the operation principle point of view [3]. The 
right side in Fig. 1.2, i.e., condenser, expansion valve, and evaporator, is the same for 
both cycles, while the difference is due to the way of lifting the refrigerant vapor pres-
sure from the low side to the high side as illustrated in the left side of Fig. 1.2. In VCR 
cycle, lifting the refrigerant vapor pressure is accomplished by using a compressor, this 
is why it is described as work-operated cycle, whereas in the VAR cycle there is no 
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compressor and lifting the refrigerant vapor pressure is accomplished by three steps: 
absorbing vapor refrigerant at low pressure, delivering the resulted rich liquid mixture 
to the generator at high pressure by using a pump, and driving off refrigerant vapor by 
applying heat in the generator, this is why it is described as heat-operated cycle.  
 
Vapor compression:
1. Compressor.
Absorption
1. Absorb vapor in liquid 
while removing heat.
2. Elevate pressure of 
liquid with pump.
3. Release vapor by 
applying heat.
Condenser
Evaporator
High pressure vapor
Low pressure vapor
Expansion
valve
 
 
Fig. 1.2 Methods of lifting the refrigerant vapor for VCR and VAR cycles [3]. 
 
The most common working fluids in absorption cycles are the Lithium Bromide-
water mixture, and the ammonia-water mixture. In Lithium Bromide-water cycle, water 
is the refrigerant and, consequently, temperatures below 0 oC cannot be obtained, 
besides the fact that all the cycle operates at relatively low pressure. In ammonia-water 
cycle, ammonia is the refrigerant and, therefore, temperatures lower than 0 oC can be 
easily obtained, thus it can be used for refrigeration as well as air-conditioning. 
Ammonia being toxic might be the reason behind its limited usage especially in 
residential applications, but still there is an urgent need to understand the ammonia 
absorption phenomena and its mechanism since ammonia water mixture has excellent 
thermodynamic and physical properties, and can be found in many other vital 
applications such as Ocean Thermal Energy Conversion, OTEC.  
 
1.5 Brief preview of ammonia vapor absorption researches 
Among the heat exchangers that constitute the absorption refrigeration cycle, 
absorber is the most complicated one in which mass and heat transfer takes place at the 
same time due to the absorption reaction. Researchers of ammonia vapor absorption 
process have mostly focused on four points, characteristics of falling film absorber, 
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Marangoni convection inducement, ammonia mass diffusivity in liquid mixtures, and 
characteristics of bubble absorber, in addition to other points. In the following sub-
paragraphs, the experiemntal conditions and the results of some selected papers are 
briefly mentioned. 
 
1.5.1 Falling film absorber 
Since absorber has in general a falling film mode as a heat and mass transfer 
mechanism, most of the early ammonia vapor absorption researches have been devoted 
to study the characteristics and mechanism of the falling film absorber. Figure 1.3 
shows a schematic of an absorption refrigeration machine in which the absorber is of the 
falling film type where vapor and liquid streams flow countercurrently over the cooling 
tubes inside which the cooling medium flows. 
 
Generator
Burner
Pump
Absorber
Pre-cooler Evaporator
Chilled water
Hot water
Condenser
Pump
LHE
GAHE
Strong solution
Weak solution
Ammonia vapor
Ammonia liquid
Ammonia water vapor
 
 
Fig. 1.3 An absorption refrigeration machine with falling film absorber. 
GAHE: generator absorber heat exchanger, LHE: liquid heat exchanger.  
 
Conlisk et al. [4] investigated theoretically the falling film absorption of fluid 
flowing downward on a horizontal cylindrical tube as a trial to understand the physical 
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mechanism which drives the absorption process and to develop an understanding of 
which surfaces are most efficient from a mass transfer point of view. The physical 
problem of interest was the absorption of a two-component vapor into a liquid film of 
the same components; ammonia-water mixture is a typical of this type of mixtures 
because both substances are volatile. The primery interest of the work of Conlisk et al. 
[4] was to determine the rate of absorption to the liquid film. Specification of the 
boundary conditions at the interface for both the temperature and the mass fraction did 
not fix the solution for either quantity. To overcome this difficulty, equilibrium was 
assumed at the interface and the temperature and the mass fraction were assumed to be 
related linearly as: 
2int1int aTaC +=  
where Cint is the ammonia interfacial concentration from the liquid side, Tint is the 
interface temperature, and a1 and a2 are constants obtained by a fitting curve for the 
experimental data in the mass fraction range of interest. The boundary condition of the 
interfacial mass fraction showed an increase with time and, according to Conlisk et al. 
[4], this was an indicative of an increased overall mass fraction drinving potential. The 
result of the analytical solution suggested that absorption is more rapid on the top of the 
tube where the film is thinning when compared with the bottom of the tube. 
Kang et al. [5] studied experimentally the combined heat and mass transfer in 
ammonia water falling film absorption process in a plate heat exchanger with enhanced 
surfaces, such as offset strip fins and rectangular plain fins. Figure 1.4 shows a 
schematic of the test section where liquid and vapor flow down in the same direction. 
They examined the effects of liquid and vapor flow characteristics, inlet subcooling of 
the liquid flow and inlet concentration difference on heat and mass transfer performance. 
Three inlet concentraions of liquid were selected, 5, 10 and 15 mass % of ammonia, 
while the inlet vapor concentration was varied from 64.7 to 79.7 % and was calculated 
from equilibrium condition at a given temperature and pressure. At the top, the liquid 
flow was in subcooled state at a low temperature, while the vapor flow was in 
equilibrium state at a high temperature so that there was a rectification process 
according to the representative temperature and concentration profiles as shown in Fig. 
1.5 (a). Initially, ammonia concentration in the vapor bulk, xV, at the top of the test 
section was lower than the equilibrium concentration of ammonia at the interface from 
the vapor side, xVi. As the rectification occurred, ammonia concentration in the vapor 
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bulk, xV, increased and the corresponding vapor bulk temperature, TV, decreased sharply 
owing to the water rectification from the vapor. After the rectification process, ammonia 
concentration in the vapor bulk, xV, became higher than the equilibrium concentration of 
ammonia at the interface from the vapor side, xVi, thereafter the absorption started.  
 
Liquid and vapor inlet
Coolant
outlet
Coolant
inlet
Coolant  
flow
Liquid and vapor outlet
 
 
Fig. 1.4 Schematic diagram of the test section [5]. 
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Fig. 1.5 Representative temperature and concentration profiles for rectification and 
absorption processes [5]. 
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Kang et al. [5] found that the lower inlet liquid temperature and the higher inlet 
vapor temperatue, the higher Nusselt and Sherwood numbers are obtained. They also 
found that heat and mass transfer coefficients increased as the inlet subcooling increased 
for given liquid mass flow rate and inlet concentration difference.  
 
Chen et al. [6] carried a mathematical analysis of simultaneous heat and mass 
transfer in an ammonia-water falling film absorber where the film of low concentration 
hot liquid solution flows from the top of an absorber, and a higher concentration cold 
vapor mixture flows up from the bottom of the absorber as can be seen in Fig. 1.6. They 
concluded that the overall absorption process can be decomposed to two basic 
processes: absorption owing to the subcooling of the liquid solution, and absorption 
owing to the cooling effect of the wall.  
 
Coolant
flow
Wall
Absorption
flux
V
A
P
O
R
L
z
y
TC
Ti
TV
xV
xVi
xLi
∗
oh
 
 
Fig. 1.6 Typical temperature and concentartion profiles during a countercurrent 
absorption process [6]. 
 
The correlations obtained by Chen et al. [6] indicate that the average heat and mass 
transfer coefficients in the absorption process are affected by the subcooling of the 
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solution, as well as the film thickness and the fluid properties, in a way that the mass 
absorption rate decreases rapidly along the liquid flow direction in the case with a 
subcooled inlet solution. According to Chen et al. [6], mass transfer took place in a thin 
layer of fluid near the liquid-vapor interface, which indicates that the mass transfer is 
dominated by the resistance within the liquid film flow. In the case with inlet subcooling, 
the concentration of ammonia within the film at the entrance is less than the saturated 
concentartion corresponding to the inlet temperature. As soon as the flow enters the 
section, the interface becomes saturated with ammonia. This leads to an infinitely large 
concentration gradient at the interface and an infinitely large absorption flux. Soon a 
boundary layer develops inside the liquid film. In addition, due to the exothermic heat 
released at the interface, the film warms up, resulting in a decrease in the interface 
sturation concentration of ammonia. Both these factors lead to a reduction in the 
concentration gradient at the interface and hence, a reduced absorption mass flux.  
 
1.5.2 Marangoni convection 
Liquid-vapor interfacial area has one of the most significant effects on absorption 
performance. One example of this importance is the absorbers with fin exchanger plates. 
These absorbers have the disadvantage of the high capillarity of the small channels, 
which leads to a rivulet flow resulting in bad wettability of the channel surfaces. One 
effective way of improving the wettability is to reduce the surface tension of liquids or 
the interfacial tension between a sloid surface and a liquid by adding a certain substance 
called surfactant, surface active agent. When added to a liquid, the surfactant is 
adsorped to the interface and concentarted at it resulting in the reduction of the surface 
tension of the liquid according to Gibbs adsorption isotherm [7]. Adding a surfactant to 
ammonia water mixture can induce Marangoni convection which leads to absorption 
rate enhancement that has been under investigation by many researchers. 
Moller et al. [8] studied the reduction of surface tension of ammonia water solutions 
by adding five different surfactants, two anionic tensides (Sodium alkane sulphonate 
and Sodium alcylbenzenesulfonate), two non-ionic tensides (fatty alcohols), and the 
alcohol 1-octanol. Superheated ammonia vapor flowed to a measuring cell where it was 
absorbed into a stagnant pool of different surfactant-water mixtures with a surfactant 
concentration less than 1 %. The whole experimental loop was kept at constant 
temperature of 20 oC. The absorption rate was calculated by using the measured 
pressure drop during the absorption process and implementing the ideal gas law. They 
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found that all four tensides had no influence on the absorption although they were able 
to reduce the surface tension of water to as low as 30 mN/m. However, the adding of 1-
octonal could enhance the mass transfer since it led to creating Marangoni convection, 
where the best result was achieved with 50 ppm 1-octonal dissolved in water.  
Kang et al. [9] carried an experimental work to visualize Marangoni convection in 
ammonia water system by adding eight different heat transfer additives, 2-ethyl-1-
hexanol (2E1H), n-Octanol (n-O), 2-Octanol (2-O), 3-Octanol (3-O), 4-Octanol (4-O), 
n-Decanol (n-D), 2-Decanol (2-D), and 3-Decanol (3-D), and to measure the surface 
tension of the liquid mixture solution with and without additives. They developed a 
model for the Marangoni convection mechanism and named it radical-out. This model is 
based on that in ammonia water mixture, the concentartion gradient of the surface 
tension has an opposite trend between the cases with and without additives, as shown in 
Fig. 1.7, and proposed that this characteristic is the initial cause of Marangoni 
convection. When the ammonia vapor 
starts to be absorbed into the solution, 
the surface movement is generated by 
the radical-out effect. In the surface 
wave, the ammonia molecules gather 
on a crest region of the solution 
surface while the water molecules 
gather at a trough region because the 
ammonia has lower density than the 
water. In the case without additives, 
there would be a surface flow from 
the crest region to the trough region 
by the characteristic of surface tension 
gradient of NH3-H2O solution:  
 0
3
<∂
∂
NHx
σ  
therefore, the crest of the surface wave spreads out and the surface flow would be 
stabilized as shown in Fig. 1.8 (a). In the case with additives, the surface flow is from 
the trough region to the crest region by the characteristic of surface tension gradient of 
NH3-H2O solution: 
Fig. 1.7 Typical concentration gradient of
surface tension in NH3-H2O system [9].
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therefore, the surface flow becomes unstable and violent as shown in Fig. 1.8 (b). 
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Fig. 1.8 Basic mechanism of Marangoni convection on the surface by the radical-out 
model [9]. 
 
Kang et al. [9] measured the surface tension for the tested eight different additives, 2-
ethyl-1-hexanol (2E1H), n-Octanol (n-O), 2-Octanol (2-O), 3-Octanol (3-O), 4-Octanol 
(4-O), n-Decanol (n-D), 2-Decanol (2-D), and 3-Decanol (3-D), with concentration 
ranges from 0 to 4000 ppm at 15 oC and a fixed ammonia concentration of 10 mass %. 
The measurment showed a signifigant decrease in surface tension within the additives 
concentration of 500-3000 ppm, which is called the solubility limit, depending on the 
additives. Beyond the solubility limit, the surface tension was kept almost constant. 
They concluded that niether the temperature gradient of the surface tension, nor the 
temeprature and the concentration gradients of the interfacial tension should be a 
criterion for Marangoni convection inducemnet in the ammonia water system. However, 
it was proposed that the radical-out model should be a criterion for Marangoni 
convection inducement within the solubility limit that depends on the used additive. 
As a trial to quantify the effect of Marangoni convection on the absorption 
performance, Kang et al. [10] studied the enhancement of heat transfer in the ammonia 
water absorption process by adding n-octanol to a stagnant pool of ammonia water 
solutions with low ammonia mass fraction, 0.0, 0.05 and 0.15. Figures 1.9 (a) and (b) 
show the visualized images for the case of an initial ammonia mass fraction of 0.05, an 
initial temperature of 21 oC, and an additive concentration of 800 ppm. Before the ab-
sorption started there were no fringe shifts by the temperature and concentration varia-
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tions. Immediately after the absorption started, Marangoni convection was observed 
near the interface between the liquid and the vapor as shown in Fig. 1.9 (a). The Maran-
goni convection was very strong immediately after the absorption started and it weak-
ened as time elapsed. Kang et al. [10] recognized two layers in the visualized images, a 
thermal boundary layer, TBL, and a diffusion boundary layer, DBL. At 5 sec after ab-
sorption started, DBL thickness without and with the heat transfer additive were 3.0 and 
4.5 mm, respectively. As time elapsed, the DBL and TBL were developed and over-
lapped, and TBL thickness increased faster than that of DBL as shown in Fig. 1.9 (b) 
which corresponds to the time 60 sec after absorption started, where the thicknesses of 
DBL and TBL were about 12.0 and 30.0 mm from the interface, respectively. They 
found that the absorption driving potential, (xV-xVi), decreased with time because the 
liquid concentration increased with time due to absorption and, consequently, the 
corresponding equilibrium vapor concentration, xVi, increased, while the bulk vapor 
concentartion, xV, was kept constant at 1.0. 
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Fig.  1.9 Visualization results using holographic interferometer [10]. 
 
1.5.3 Ammonia mass diffusivity 
Although ammonia mass diffusion coefficient in liquid mixtures is extremely 
important for understanding the diffusion process and for making calculations related to 
concentration diffusion problems, very few papers, either experiments or simulations, 
have been found about it. 
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Kojima et al. [11] measured mass diffusivity for ammonia vapor absorption process 
using a holographic real-time interferometer. The pure ammonia vapor was allowed to 
enter a test cell to be absorbed into a stagnant pool of ammonia water mixture with 
initial ammonia mole fraction, Ci, ranging from 0.35 to 0.7, and at a temperature of 24 
oC. Pressure inside the test cell was equal to the saturated pressure of ammonia mole 
fraction at the mixture interface Cint, (Cint was 0.01 ~ 0.03 higher than the initial bulk 
mole fraction Ci). Absorption experiment was carried out under the condition that the 
pressure in the test cell was kept constant by regulating a needle valve while monitoring 
the semi-conductor transeducer output which measured the pressure during the 
absorption process. The obtained values of mass diffusion coefficient, D, were in the 
range of 3.3 ~ 4×10-9 m2/s; D is directly proportional to the ammonia mole fraction of 
the considered mixtures. 
Ferrario et al. [12] carried a molecular-dynamics simulation of ammonia aqueous 
mixtures and obtained diffusion coefficient values within the range of 2 ~ 5×10-9 m2/s 
for mixtures at a temperature of 0 oC. The calculations predicted a systematic increase 
in the diffusion coefficient of ammonia as ammonia mole fraction in the mixtures 
increases. 
 
1.5.4 Bubble absorber 
As has been shown by many researchers, the low wettability in the thin film 
absorption mode is critical to the performance of falling film absorption. For the sake of 
improving the wettability, thus enhancing the contact area between the liquid solution 
and the solid surface, selective surfactants are to be added. Recently, the bubble 
absorption mode is strongly recommended for ammonia water absorption systems 
because it provides not only a high heat transfer coefficient but also good wettability 
and mixing between the liquid and the vapor. Basicaly, bubble absorber relies on 
injecting bubbles of ammonia vapor at the bottom of an absorber into a liquid mixture 
that can be stagnant or at flow. Investigating the behavior of a bubble during its histroy 
starting from the injection into a liquid until the disapperance, and the mechanism and 
parameters that influence it has been the main objective of many researchers recently. 
Staicovici [13,14] discussed mass and heat transfer in the physical and chemical 
interactions of ammonia water system from non-equilibrium phenomenological point of 
view. Staicovici emphasized the important feature of the mass and heat coupled currents, 
that is the ideal point approaching, i.p.a., effect which consists of a continuous increase 
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of the mass and heat currents of an interaction evolving towards an ideal point. 
Staicovici studied experimentally mass and heat transfers by continuously injecting a 
single bubble of ammonia into stagnant pool of ammonia water solution of small molar 
fractions. Based on the observations recorded, Staicovici [13] found that at low and 
moderate gas feeding rate, 10-8 ~ 10-7 kg/s, the dynamics of the bubble takes place in 
two distinct stages: (a) growth, when the bubble progressively expands its volume up to 
a maximum value, concurrently with gas absorption, followed by (b) collapse, when the 
bubble is rapidly absorbed, reducing its volume to zero. However, the observations of 
the cases of high gas feeding rate showed that collapse does no longer occur, but a 
phenomenon of oscillation of the bubble volume between two values, a maximum and a 
minimum one, was noticed. His experimental results [14] showed that the absorption 
pressure has considerable influence on absorption efficiency in a way that working with 
as much as low absorption pressure is desirable. With regard to gas mass fraction, 
Staicovici found that the cumulated absorbed mass current increases very much with gas 
phase molar fraction approaching unity.  
Kang et al. [15] carried an experimental work to visualize a bubble behavior during 
absorption and to investigate the effect of bubble characteristics such as bubble diameter 
and velocity on absorption performance in addition to studying the effect of key 
parameters on the bubble behavior, such as orifice diameter, orifice number, liquid 
concentration, and vapor velocity. Pure ammonia vapor at a pressure of 3.0 atm was 
injected into a stagnant liquid mixture at the bottom of a test cell through a vapor 
distributor with an orifice. The initial solution temperatue was kept at 22.5 oC and the 
pressure was kept constant at atmospheric pressure during the experiments. Ammonia 
initial concentration in the test cell was selected as 0.0, 0.1, and 0.2. The analysis of the 
visualized images during the development of the injected bubbles indicated that the 
bubble absorption is grouped into two processes as shown in Fig. 1.10. Process I named 
bubble growth and prolonged from the begininng of injection until the time before the 
bubble detached from the orifice. Process II named disappearance and prolonged from 
the time of the bubble detachement until its complete disappearance. In the title of Fig. 
1.10, Ci is the ammonia initial concentration, do is the orifice diameter, and ReV is the 
Reynolds number of the bubble. 
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Fig.  1.10 Visualization of bubble absorption process,  
(Ci = 0.1, do = 3.8 mm, ReV = 1300) [15]. 
 
Lee et al. [16] carried a numerical and experimental work for clarifying the 
absorption process of a cylindrical bubble mode absorber of 3 cm diameter and 100 cm 
height. Ammonia vapor was injected at the bottom of the absorber through an orifice of 
3 mm inner diameter so that it flowed up, while ammonia liquid solution flowed both up 
and down. The flow rate of ammonia liquid solution was fixed at 0.3 kg/min, and the 
vapor flow rate was varied. The ammonia solutions of 0 to 28 mass % were flowed 
under a condition of 20 oC. In each condition, the absorber was operated as the 
cocurrent or countercurrent flow, and results were compared. They found that as the 
flow of the input vapor increases, the absorption region of the vapor also increases. 
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When the gas and solution streams are countercurrent and the input solution temperature 
and concentration are kept constant, the absorption region of the vapor decreases. In 
addition, the experimental results for the absorber of 3 cm diameter showed that a 
maximum absorber height of 70 cm is necessary for the vapor absorption process of the 
bubble mode under the considered experimental conditions. 
 
1.5.5 Researches with other points of focus 
Some other points that differ from the above-mentioned four objectives of ammonia 
vapor absorption researches have been targated for investigation.  
Kang et al. [17] developed an advanced generator absorber heat exchanger cycle to 
reduce the generator exit temperature as low as possible using a waste heat source. 
Figure 1.11 shows the fundamental concept of the temperature overlap of the generator 
absorber heat exchanger cycle, GAX. The dotted lines represent the single stage cycle 
of the low pressure side while the solid lines represent the GAX cycle. As the absorber 
pressure increases, the corresponding absorber temperature increases in the ammonia 
water absorption cycle. The temperature ranges partially overlap between absorber and 
generator as the generator exit temperature increases. The “overlapped” heat is 
transferred from the absorber to the generator within the cycle leading to a higer 
coefficient of performance, COP.  
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Fig.  1.11 Fundamental concept of the GAX cycle-temperature overlap [17]. 
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Kang et al. [17] could get a COP of the developed generator absorber heat exchanger 
cycle, abbriviated as WGAX, that is always higher than that of the standard GAX cycle. 
The gas fired desorber, the generator, outlet temperature could be reduced down to 172 
oC with a higher COP of the WGAX cycle than that of the standard GAX cycle. 
 
The GAX cycle requires an extremely lower solution flow rate than that of a 
conventional cycle in order to have a temperature overlap zone between absorption and 
generation process. Kim et al. [18,19] investigated this point experimentally for 
ammonia water mixture and found that the counter-current slug flow absorber operates 
well without any wettability problem at an extremely low solution flow arte, which is 
highly desirable for the GAX cycle operation. They proposed an experimenatl data 
reduction model for combined heat and mass transfer, which enabled obtaining local 
heat and mass transfer coefficient at the liquid side of the slug flow absorber. 
 
Comment 
With regard to the above mentioned brief history about ammonia vapor absorption 
researches, one can notice the following two points: 
1. The liquid-vapor interface is of great importance and its parameters affect strongly 
the absorption process. One of these parameters is the interfacial tension which has 
been measured and investigated by many researchers who has recommended adding 
certain surfactants to reduce the surface tension magnitude and the reduction results 
in creating Marangoni convection which can lead to absorption rate enhancement. 
Another parameter is the interfacial temperature which is very difficult to measure 
by means of thermocouples. Once it is known, interfacial temperature can be used 
to calculate heat flux, both of which represent the thermal behavior of the absorp-
tion process. No researcher has handled this extremely important point.  
2. No researcher has investigated the characteristics of the absorption reaction itself. It 
is well known that absorption occurs because there is a chemical affinity between 
the reactants, ammonia and water, to bind and form a new species for the sake of 
which heat is released and diffuses into liquid and vapor bulks. The chemical affin-
ity A of a reaction can be introduced as: 
∑
=
−=
N
i
iiA
1
µν  
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where, iν  are the stoichiometric coefficients of the ith chemical species involved in 
the considered reaction, and iµ  are their chemical potentials. The fact of chemical 
affinity raises many questions about ammonia absorption which have no answers 
yet. Absorption reaction rate and equilibrium constant are just two examples of 
these unanswered questions. 
 
Having realized the importance of the liquid-vapor interface and its parameters in 
controlling the absorption process, in addition to the absorption reaction characteristics, 
we tried in the present study to answer some of these unanswered questions by using 
several analytical techniques. One of the adopted analytical techniques is an inverse 
heat conduction problem solution that allowed us to estimate interface temperature and 
heat flux from measured temperature during the absorption process. Once interface 
temperature is estimated, ammonia mass fraction at the interface can be obtained with 
the help of other measured parameters as will be explained in successive Chapters. 
 
1.6 Motivation and objectives of this research 
With respect to the above-mentioned introduction, this experimental research has 
been adopted to investigate ammonia absorption phenomena and to clarify the chemical 
affinity between ammonia and water to undergo the absorption chemical reaction. To 
fulfill this target, superheated ammonia vapor is allowed to be absorbed into a stagnant 
pool of ammonia water mixtures of different ammonia initial mass fraction Ci. Liquid 
bulk temperature at two different positions, vapor bulk temperature at three different 
positions, and vapor bulk pressure are all measured during the absorption process. The 
absorption procees is visualized by using Mach-Zehnder interferometer.  
Compared to other carried experimental and theoretical studies, two remarkable 
techniques are implemented by the author of this dissertation: 
1. Mathematical one, which is an inverse heat conduction problem, IHCP, solution. It 
is a powerful tool for estimating the interface temperature and heat flux, both of 
which are of great importance not only for solving diffusion problems, but also for 
giving us accurate information about the thermal behavior of the absorption reac-
tion that takes place at the interface. For the best of our knowledge, no other re-
searcher has used this technique in ammonia absorption phenomenon up to the time 
being. 
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2. Experimental one, which is the well-known Mach-Zehnder two-beam interferome-
ter that leads to visualizing the diffusion process into the liquid bulk as images of 
bright and dark fringes.  
 
Therefore, the following points can be declared as the objectives of the present re-
search: 
1. Estimating the interface temperature and heat flux during the absorption process by 
implementing an inverse heat conduction problem technique, IHCP, for the sake of 
which the measured temperature at a point inside the liquid bulk is used. 
2. Estimating total ammonia mass absorption by using the estimated interface heat 
flux and the molar enthalpy of the absorption reaction. 
3. Estimating total ammonia mass absorption by using the measured vapor pressure 
drop with the help of two gas state equations, the ideal and an actual one. 
4. Developing an equation that represents the dependency of the total ammonia mass 
absorption upon ammonia initial mass fraction in the liquid mixture, Ci, and time t 
for the two estimation principles of total mass absorption, vapor pressure drop and 
interface heat flux. 
5. Obtaining theoretically the concentration distribution in the liquid bulk by solving 
the one-dimensional governing equation for specified initial and boundary condi-
tions. 
6. Obtaining experimentally the concentration distribution in the liquid bulk by ana-
lyzing the visualized fringes by Mach-Zehnder optical technique. 
7. Calculating the rate of mass absorption by the developed equation and the concen-
tration distribution in the liquid bulk and proposing a model of the absorption 
mechanism. 
 
Final word 
Motivated by a sincere desire for knowledege, this experimental study has been 
adopted as a trial to understand ammonian vapor absorption phenomenon and to 
contribute, even humbly, to the efforts of other researchers in getting clearer picture 
about its complicated simultaneous mass and heat transfer mechanism. 
Because absorption refrigeration machines are Ozone-friendly and solar energy 
utilizable, the present study can be claimed as a world-peace supporter.  
    
CHAPTER 2                                                                                                         EXPERIMENTAL SETUP 
 21
C H A P T E R  2  
EXPERIMENTAL SETUP 
2.1 Objectives of this research 
The objectives of this experimental research are summarized in the flow chart of Fig. 
2.1, where the two main objectives are to estimate total ammonia mass absorption and 
to analyze mass diffusion into the liquid bulk.  
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Fig. 2.1 Flow chart of the experimental objectives. 
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For the sake of achieving these objectives, superheated ammonia vapor is allowed to 
flow into a test cell to be absorbed by an ammonia water mixture of certain initial am-
monia mass fraction Ci. During the absorption process, liquid bulk temperature at two 
points, T1L and T2L, vapor bulk temperature at three points, T1V, T2V and T3V, and the va-
por pressure, PV, are measured. Concurrently, the absorption process is visualized by 
using Mach-Zehnder interferometer. Details of the optical system and the obtained visu-
alizations are presented in Chapter 6. 
 
2.2 Experimental setup 
Based on the above-declared objectives, an experimental apparatus was designed and 
established as illustrated in Fig. 2.2.  
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Fig. 2.2 Schematic of the experimental setup. 
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The experimental setup consists of two loops, preparing mixtures loop in which ammo-
nia water mixture of certain mass fraction Ci is prepared in a mixing cylinder that is 
connected to a scaled water container and a pure ammonia tank. The second loop is the 
absorption experimental loop that consists of a test cell, in which absorption occurs, and 
a main cylinder, which has the function of supplying the test cell with ammonia super-
heated vapor all through an experiment. Because ammonia is used in this experimental 
work, all components, connecting tubes and valves are of stainless steel, in addition to 
using Teflon as a seal material. 
 
2.2.1 The test cell 
Figure 2.3 shows a schematic of a cross-section in the test cell which has an internal 
volume of 180 cm3 (12×10×1.5 cm). Five thermocouples are installed downward, i.e., 
above each other, where the upper three are to measure vapor bulk temperatures at three 
different points, T1V, T2V, and T3V, and the remaining two are to measure the liquid bulk 
temperatures at two different points, T1L, and T2L, during the absorption process. The 
dimensions between these thermocouples are shown in Fig. 2.3. To ensure uniform dis-
tribution of ammonia vapor all over the interface when flowing into the test cell, a 20 
µm stainless steel mesh is installed at the top to make a uniform pressure drop when va-
por passes through it, besides making three vapor inlets instead of only one by using a 
collector as can be seen in Figs. 2.2. To measure vapor pressure drop during the absorp-
tion, a semi-conductor transducer is installed in the vapor bulk at about 40 mm above 
the interface. The test cell is equipped with polished Pyrex sight glass with 30 mm sight 
diameter to allow the laser beam to pass through for visualization, and to adjust the de-
signed initial position of the interface when filling it with mixture. Because ammonia is 
used in this experimental work, the O-Ring between the sight glass and the test cell 
body is of the type Butyl rubber that is made from isobutylene and a small amount of 
isoprene (~ 1 %) to avoid vulcanization. Figure 2.4 shows a picture taken to the test cell. 
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Fig. 2.3 A schematic of a cross-section in the test cell (written dimensions are in mm). 
(The positions of the thermocouples are given as a reference. The actual 
positions are measured accurately form the interface before each experiment). 
 
 
 
 
 
 
CHAPTER 2                                                                                                         EXPERIMENTAL SETUP 
 25
 
 
 
 
 
Pressure
semi-conductor
transducer
Pressure
gauge
Thermal
insulation
Vapor
inlet valve
Sight
glass
 
 
Fig. 2.4 A picture of the test cell. 
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2.2.2 The main cylinder 
The main cylinder is used to feed the test cell with superheated ammonia vapor all 
through the experiment. It has an internal volume of 1350 cm3. A thermocouple and a 
semi-conductor transducer are installed in it to measure its vapor temperature and pres-
sure, respectively. 
 
2.2.3 The mixing cylinder 
The mixing cylinder is used for making ammonia water mixture with a specified 
ammonia mass fraction, Ci, which is to be used as the absorbing medium in the test cell. 
Before making a mixture, water was filtered, ion-exchanged, and distilled, and then 
used for making the mixture. The mixing cylinder has an internal volume of 1350 cm3. 
Initial mass fraction of ammonia in the prepared mixture, Ci, was not measured, but de-
termined during the making of a mixture as follows: 
1. Based on Gibbs phase rule, two properties at equilibrium condition of two-phase 
binary mixture should be known to get the others. These two properties were the 
desired ammonia mass fraction Ci of the mixture that is to be made and the initial 
temperature Ti. By inserting the values of Ci and Ti into PROPATH software pro-
gram [20] we could get the corresponding equilibrium pressure. 
2. The mixing cylinder and its connecting tubes with the water container and the am-
monia tank were evacuated completely, (see Fig. 2.2). 
3. A certain quantity of the pure water was inserted into the mixing cylinder. This 
quantity could easily be determined since the water container is scaled. 
4. Ammonia was inserted slowly and gradually into the mixing cylinder while observ-
ing the pressure. During the insertion of ammonia into the mixing cylinder we had 
to wait for some time to check whether the pressure inside the cylinder is close to 
the equilibrium pressure that was obtained from the known values of Ci and Ti, [20]. 
When the pressure inside the mixing cylinder reaches the equilibrium pressure at 
the established initial temperature Ti, the mixing process is completed.  
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2.3 Experimental procedure 
After completing the mixing process, the preparation for the experimental work was 
accomplished as follows: 
1. Evacuating the test cell and its connection tube with the mixing cylinder in order to 
remove the effect of non-condensable gases on the absorption, while the vapor inlet 
valve of the test cell is closed. 
2. Inserting ammonia water mixture from the mixing cylinder into the test cell until 
covering completely the thermocouple that measures the temperature T1L, (see Fig. 
2.3). The initial pressure in the test cell P1i was measured by the installed semi-
conductor transducer and could be read. 
3. Calculating the designated initial vapor pressure, P2i, which must be exerted in the 
main cylinder as: P2i = P1i + 50 kPa (P1i is the initial pressure in the test cell). 
4. Evacuating the main cylinder and its connecting tube with the test cell followed by 
inserting ammonia vapor into it until the designed initial pressure P2i is reached at 
the established initial temperature Ti. 
5. Making the connections needed for the optical measurement. 
 
It is worth mentioning that as an important part of the experimental preparation work, 
the sight glasses of the test cell were cleaned by following a certain procedure. Firstly, 
they were washed repeatedly using Acetone until no droplets could be noticed on their 
surfaces. Secondly, they were cleaned by ultrasonic bath for about one hour. Finally, 
they were dried and installed in their places in the test cell. 
Three important points were considered when making all the experiments: 
1. The feeding of ammonia vapor was continuous by keeping the test cell inlet valve 
and main cylinder outlet valve open. Therefore, the total vapor bulk volume in-
cluded three parts, the vapor volume in the test cell, the volume of the main cylin-
der, and the volume of the tube connecting them. 
2. For the sake of comparing ammonia absorption rates in the cases of different am-
monia initial mass fraction Ci, the initial pressure difference between the main cyl-
inder, P2i, and the test cell, P1i, was made the same for all the experiments, ∆ Pi = 
P2i – P1i ≈  50 kPa, (see Fig. 2.5 and Table 2.1). The initial pressure difference ∆ Pi 
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was responsible for the flow of ammonia vapor immediately after opening the inlet 
valve of the test cell to start an experiment. 
3. The test cell and the main cylinder are thermally insulated and have the same initial 
temperature Ti of 20 ~ 22 °C. 
 
Now that the initial temperature and the pressure difference are established, and the 
laser measuring system is ready for recording, the experiment can start by opening the 
vapor inlet valve of the test cell to allow superheated ammonia vapor to flow into it, 
while a personal computer records the pressure and temperatures changes, and the 
optical system visualizes the absorption process. The experiments were carried out for 
seven cases of different ammonia initial mass fractios, Ci, in the liquid mixture as 
shown in Table 2.1. 
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Fig. 2.5 Schematic of the experimental initial condition. 
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Ci [kg/kg] 0.0 0.087 0.17 0.29 0.45 0.59 0.82 
Ti [°C] 20.98 21.24 20.89 21.58 21.31 21.91 20.10 
Pi [kPa] 1.7 10.82 23.84 68.00 198.13 405.29 707.37
∆ Pi [kPa] 49.90 49.48 49.92 50.85 50.56 49.30 51.30 
 
Table 2.1 Experimental initial conditions. 
 
2.4 Data acquisition system 
Figure 2.6 shows a schematic of the data acquisition system for both temperature and 
pressure measurments. This system is based on converting electrical signals that come 
from the measured medium to readable values through a certain logic steps. 
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Fig. 2.6 Schematic of the data acquisition system. 
 
 
CHAPTER 2                                                                                                         EXPERIMENTAL SETUP 
 30
2.4.1 Temperature measuring loop 
This loop consists of the following elements: 
1. Thermocouple: maker CHINO, type SK-1.0, class 2-350, material SUS316, with 
1 mm sheath diameter. 
2. Icebox: material SUS, and cylindrical shape. 
3. Voltage amplifier with 6 channels, maker NEC San-ei lnstruments, Ltd., type 
AH1108. 
4. AD converter with 8 channels. 
5. Personal computer: type PC-9801BX, 32 BIT CPU UNIT. 
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Fig. 2.7 Flow chart of the temperature acquisition system. 
 
Referring to Fig. 2.7, the temperature measuring loop starts with the low voltage 
electrical signal that comes from the measured medium by a thermocouple. This signal 
is then amplified about 500 times by the voltage amplifier to be sent to the AD 
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converter that is connected to a personal computer. A Basic language-written program is 
used to convert the AD output to readable temperature values appear on the PC screen. 
 
2.4.2 Pressure measuring loop 
This loop consists of the following elements: 
1. Semi-conductor transducer, KYOWA, type PG-20KU, CAP. 20 kgf/cm2. 
2. Strain-voltage amplifier, KYOWA, type DPM-711B. 
3. The same AD converter of the temperature loop. 
4. The same personal computer of the temperature loop. 
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Fig. 2.8 Flow chart of the pressure acquisition system. 
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Referring to Fig. 2.8, the pressure-measuring loop starts by the transducer in which 
the pressure change of the measured medium causes the internally installed diaphram to 
deform. This deformation, strain, is converted to low voltage electrical signal within the 
transducer itself. The low voltage signal is then amplified by using a strain-voltage 
amplifier to be sent to the AD converter that is connected to the personal computer. The 
Basic language-written program then converts the AD output to readable pressure 
values that appear on the PC screen. 
Both of the amplifiers, voltage and strain, were calibrated from the very beginning to 
establish their gains and offsets. 
 
2.5 Uncertainties of measurment 
With regard to the data acquisition system, the data sampling rate was selected to be 
1 Hz, which allowed the measuring loop to record one measured value for each second. 
The minimum readings are 0.1 oC ± 1 % for the temperature, and 600 Pa ± 0.5 % for 
the pressure. 
As was mentioned above, the initial mass fraction of ammonia, Ci, was not measured, 
but determined from the values of the initial temperatutre Ti and the initial pressure in 
the test cell P1i. By inserting these two values in the PROPATH program [20] we could 
get the initial mass fraction of ammonia, Ci. By considering the uncertainties of both the 
measured temperature and pressure, the obtained values of the initial mass fraction were 
found to fall in the accuracy range of Ci ± 4.8×10-4 kg/kg. 
 
CHAPTER 3                                                                  MEASURED TEMPERATURE AND PRESSURE 
 33
C H A P T E R  3  
MEASURED TEMPERATURE AND PRESSURE 
In this Chapter, the measured temperatures in both the liquid and the vapor bulks of 
the test cell in addition to the measured vapor pressure during the absorption process are 
presented and their tendencies are discussed. For convenience, the schematic of the ex-
perimental initial condition is shown here again in Fig. 3.1. The initial temperature Ti, 
the initial pressure in the test cell P1i and the initial pressure difference iP∆  for the 
seven experiments are listed in Table 3.1. The initial temperature, Ti, dominates the 
whole experimental loop which contains the test cell, the main cylinder and the connect-
ing tubes. The parameter iP∆  indicates the initial pressure difference between the main 
cylinder, the high pressure P2i, and the test cell, the low pressure P1i, as illustrated in Fig 
3.1. 
 
P2i
TimeI.C
t = 0
Open inlet valve
Pref
P1i
iP∆P1i
P2i
Inlet valve
Closed initially
Open
Main
cylinder
Test cell
 
 
Fig. 3.1 Schematic of the experimental initial condition. 
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Ci [kg/kg] 0.0 0.087 0.17 0.29 0.45 0.59 0.82 
Ti [°C] 20.98 21.24 20.89 21.58 21.31 21.91 20.10 
Pi [kPa] 1.7 10.82 23.84 68.00 198.13 405.29 707.37
∆ Pi [kPa] 49.90 49.48 49.92 50.85 50.56 49.30 51.30 
 
Table 3.1 Experimental initial conditions. 
 
3.1 Temperature in the liquid bulk 
The measured temperatures in the liquid bulk during the absorption process for the 
seven cases of different ammonia initial mass fraction, Ci, are shown in Figs. 3.2 (a) 
through (g), where the vertical axis is made to have the same maximum value, which 
corresponds to the case of Ci = 0.0 kg/kg, so that one can compare the temperature be-
havior in the different cases of Ci. In Figs. 3.2 (a) through (g), z1L and z2L are the dis-
tances from the interface to the thermocouples at which the temperatures T1L and T2L are 
measured, respectively. In the case of Ci = 0.0 kg/kg, the temperature T1L suffers a sharp 
increase immediately after the vapor inlet valve is opened to start the absorption where 
it reaches a maximum value of about 29 oC within nearly 50 sec. After that, the tem-
perature T1L starts to drop gradually with time. The other cases of different initial mass 
fraction, Ci, show a temperature increase followed by a drop but with one remarkable 
notice; with increasing the initial mass fraction Ci in the liquid mixture, the peak value 
of the temperature T1L gets smaller, and when Ci approaches the value 0.45 kg/kg, the 
temperature T1L does not suffer a considerable increase. The measured temperature T2L 
does not show any noticeable increase in all the cases of different initial mass fraction 
Ci especially in concentrated solutions, i.e., larger than Ci = 0.45 kg/kg.  
In Figs. 3.2 (a) through (g), the temperature Tint indicates the interface temperature 
which is not measured, but estimated by implementing an inverse heat conduction prob-
lem solution that will be explained in the next Chapter. 
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(a) Ci = 0.0 kg/kg. 
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(b) Ci = 0.087 kg/kg. 
 
 
 
Fig. 3.2 Temperatures in the liquid bulk during the absorption process. (continued) 
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(c) Ci = 0.17 kg/kg. 
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(d) Ci = 0.29 kg/kg. 
 
 
 
Fig. 3.2 Temperatures in the liquid bulk during the absorption process. (continued) 
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(e) Ci = 0.45 kg/kg. 
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(f) Ci = 0.59 kg/kg. 
 
 
 
Fig. 3.2 Temperatures in the liquid bulk during the absorption process. (continued) 
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(g) Ci = 0.82 kg/kg. 
 
Fig. 3.2 Temperatures in the liquid bulk during the absorption process. 
 
3.2 Temperature in the vapor bulk 
The measured temperatures in the vapor bulk during the absorption process for all 
the cases of the different initial mass fractions Ci are shown in Figs. 3.3 (a) through (g), 
where the vertical axis is made to have the same maximum value, which corresponds to 
the case of Ci = 0.0 kg/kg, so that one can compare the temperature behavior in the dif-
ferent cases of Ci. In Figs. 3.3, z1V, z2V, and z3V are the distances from the interface to the 
thermocouples at which the temperatures, T1V, T2V and T3V, are measured, respectively. 
In the case of Ci = 0.0 kg/kg, the temperature T1V suffers a sharp increase immediately 
after the vapor inlet valve is opened to start the absorption where it reaches a maximum 
value of about 33 oC within nearly 10 sec, compared to 29 oC within 50 sec for the tem-
perature T1L. After reaching this peak, the temperature T1V starts to drop sharply with 
time, compared to the gradual drop showed by the temperature T1L. Same observation 
can be noticed in the other cases of the different ammonia initial mass fractions Ci but 
with one remarkable notice that is with increasing Ci in the liquid mixture, the peak 
value of the temperature T1V gets smaller, and when Ci approaches the value 0.45 kg/kg, 
the temperature T1V does not suffer a sharp increase any more. The measured tempera-
tures T2V and T3V show the same behavior as T1V, but the peak value is the highest for 
the temperature T1V and the lowest for the temperature T3V. This is quite logic since the 
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temperature T1V is the closest to the interface at which the absorption heat is released, 
and the temperature T3V is the most far from the interface. The temperature difference 
between them surely shows that some amount of heat generated at the interface is trans-
ferred through the vapor. Another observation worth noticing is that when the ammonia 
initial mass fraction Ci is 0.45 kg/kg and higher, the measured temperatures T2V and T3V 
are almost identical. 
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(a) Ci = 0.0 kg/kg. 
 
Fig. 3.3 Temperatures in the vapor bulk during the absorption process. (continued) 
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(b) Ci = 0.087 kg/kg. 
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(c) Ci = 0.17 kg/kg. 
 
 
 
Fig. 3.3 Temperatures in the vapor bulk during the absorption process. (continued) 
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(d) Ci = 0.29 kg/kg. 
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(e) Ci = 0.45 kg/kg. 
 
 
 
Fig. 3.3 Temperatures in the vapor bulk during the absorption process. (continued) 
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(f) Ci = 0.59 kg/kg. 
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(g) Ci = 0.82 kg/kg. 
 
 
Fig. 3.3 Temperatures in the vapor bulk during the absorption process. 
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3.3 Comments on the temperature behavior 
As we have just seen in Figs. 3.2 and 3.3, the temperature increases in both liquid 
and vapor bulks. This increase in temperature is caused by the released heat at the inter-
face due to the absorption reaction, and this heat diffuses into the two bulks. The ob-
served behavior of the temperature is characterized by the followings: 
1. A period in which the temperature keeps rising until reaching a certain maximum 
value, which depends strongly on the initial mass fraction Ci. This increase in the 
temperature can be justified by that the heat released at the interface due to the ab-
sorption reaction is greater than the part of heat which diffuses into the liquid bulk 
and the part that diffuses into the vapor bulk.  
2. A period in which the temperature drops after reaching the peak value. This indi-
cates that the released heat at the interface becomes less than the two diffused parts 
of heat and, consequently, the reaction rate slows down. 
3. The more the liquid mixture is diluted, low initial mass fraction Ci, the higher the 
peak values of the temperatures especially T1L and T1V which are the closest to the 
interface from the liquid and the vapor bulks, respectively. When the initial mass 
fraction Ci approaches the value 0.45 kg/kg, no noticeable increase is observed. In 
the concentrated solutions, the availability of free water molecules at the interface 
is smaller than that in the diluted solutions, therefore, the absorption rate slows 
down resulting in less heat flux at the interface. 
4. The temperature T2L at the position far from the interface does not show any notice-
able increase, and this allows us to mathematically consider the thermal diffusion in 
the liquid bulk as conduction in a semi-infinite body. 
 
3.4 Vapor bulk pressure 
Figures 3.4 (a) and (b) show the measured vapor pressure drop, PV (t), during the ab-
sorption process in two different cases of ammonia initial mass fraction Ci, 0.0 and 0.82 
kg/kg, respectively. The vapor pressure PV (t) is measured by the semi-conductor trans-
ducer that is installed in the test cell at a distance of almost 40 mm above the interface. 
The pressure P1i is the initial pressure in the test cell and the pressure P2i is the initial 
pressure in the main cylinder before starting the absorption process (see Fig. 3.1). The 
pressure Pref is the first pressure reading, measured by the transducer that is installed in 
the test cell, which corresponds to the time immediately after the inlet valve of the test 
cell is opened to start an experiment, and it is named reference pressure because of the 
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following reason. As it was explained before, the initial pressure in the main cylinder, 
P2i, is the maximum pressure in the experimental loop. The ratio of the reference pres-
sure Pref over the initial pressure in the main cylinder, P2i was calculated for all the cases 
of different initial mass fraction Ci, and it was found to fall in the range of 0.9 ~ 0.98 
depending on the value of Ci which falls in the range of 0.0 ~ 0.82 kg/kg. Therefore, the 
reference pressure Pref seems to be close to the maximum one and it will be adopted for 
the related calculations. 
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(a) Ci = 0.0 kg/kg. 
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(b) Ci = 0.82 kg/kg. 
 
 
Fig. 3.4 Vapor pressure drop PV (t) during the absorption process in two cases of differ-
ent Ci, 0.0 and 0.82 kg/kg. 
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For the sake of comparing the vapor pressure drop during the absorption process in 
all the cases of different initial mass fraction Ci, Fig. 3.5 is introduced in which the ver-
tical axis represents the following ratio: 
]/[])([ 11 irefiV PPPtP −−                                          (3-1) 
When opening the vapor inlet valve of the test cell, superheated ammonia vapor flows 
into it by the initial pressure difference iP∆ , therefore, the pressure P1i quickly increases 
up to the value of Pref and then starts dropping due to absorption. In Fig. 3.5 we can see 
that although iP∆  is the same for all the cases, almost 50 kPa, the pressure drop is com-
pletely different. Within 600 sec from opening the inlet valve to start the absorption, the 
vapor pressure in the case of Ci = 0.0 kg/kg, pure water, drops to as low as 0.3 of the 
ratio (3-1), while in the case of Ci = 0.82 kg/kg, highly concentrated solution, the vapor 
pressure drops to only 0.95 of the ratio (3-1). This behavior can be interpreted as fol-
lows: in the case of Ci = 0.0 kg/kg, the entire interface contains only water initially and, 
thus, ready to be involved in the absorption reaction which resulted in the sharp pressure 
drop especially within the first 100 seconds. In the other cases of different initial mass 
fraction Ci, fewer amounts of free water molecules exist at the interface in an order that 
with increasing the initial mass fraction Ci, less free water exists and when Ci reaches 
the value 0.82 kg/kg, the vapor pressure can hardly drop. 
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Fig. 3.5 Comparison of the vapor pressure drop during the absorption process in all 
the cases of different Ci. 
CHAPTER 3                                                                  MEASURED TEMPERATURE AND PRESSURE 
 47
Based on the above shown and explained measured temperatures in the liquid and 
vapor bulks and vapor pressure during the absorption process, we can state that both the 
vapor pressure drop and the heat flux, which causes the temperature increase, form the 
two indications of the ammonia absorption. These two indications are used to derive the 
total and the rate of ammonia mass absorption after estimating the interface temperature 
and heat flux as will be explained in the following Chapters. 
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C H A P T E R  4  
ESTIMATION OF INTERFACE THERMAL CONDITIONS 
4.1 Basic considerations 
For the sake of analyzing the absorption process and solving diffusion problems 
inside the liquid bulk, interface temperature and heat flux are of great importance. As 
was shown in Chapter 3, the temperatures T1L and T2L at two different points in the 
liquid bulk were measured during the absorption process. The interpolation from these 
measured temperatures at the two points, z1L and z2L cannot help to estimate the 
interface temperature since they are changed with time. Therefore, estimation of the 
interface temperature and heat flux from the measured temperatures in the liquid bulk 
requires an inverse solution, for example, the Monde inverse solution [21] that estimates 
interface temperature Tint (t), and heat flux, qint (t). 
The one-dimensional differential governing equation of the heat conduction in a 
body is given as: 
2
2
z
T
t
T
∂
∂=∂
∂ α                                                     (4-1) 
where, α  is the thermal diffusivity of the body where diffusion occurs. For certain 
initial and boundary conditions, temperature distribution in a body can be found as 
function of position and time. This is called the direct solution because the boundary 
condition is already known and the distribution of temperature inside the body is sought. 
In many practical applications, temperature changes at boundaries cannot be measured, 
like the current experimental situation, but temperature changes at a point inside the 
body can be easily measured. In such cases, inverse heat conduction method is needed 
to estimate the boundary conditions with the help of the measured temperature at that 
point. 
 
4.2 Estimation of interface thermal conditions 
Absorption reaction is exothermic, and the released heat depends upon the final 
concentration of the formed mixture, Cf. When 1 mole of ammonia vapor is absorbed 
into huge amount of liquid water, the Cf of the formed mixture is almost 0.0 mole 
fraction, and the reaction can be written as follows: 
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1323 )()()( QaqNHlOHgNH +=∞+                                     (4-2) 
where, Q1 = 34.18 kJ/mol is the heat of solution which is the same of the standard 
solution enthalpy osolH∆−  at the temperature 298 K and the pressure 1 atm [22]. The 
reaction molar heat Q1 consists of two parts where the first one is the latent heat of 
condensation condH∆−  that has the value of 23.35 kJ/mol at 1 atm. The second part is 
the solution enthalpy 0.0,solH∆−  of forming a mixture that has a final mole fraction Cf 
which is almost 0.0. The aq sign stands for aqueous and indicates huge amount of the 
solvent, water. 
In the present study, the reaction (4-2) is considered as a representative of the 
absorption reaction for reasons explained in Appendix I. Therefore, the molar heat of 
the reaction (4-2) will be used to get the ammonia mass absorption as will be clarified in 
the next Chapter. 
During ammonia vapor absorption, heat is released at the interface and diffuses into 
the liquid and vapor bulks which results in the increase of the temperatures in the 
corresponding bulks as was shown in Figs. 3.2 and 3.3 in Chapter 3. This released heat 
is composed of two parts and can be written as: 
)()()(int tqtqtq VL +=                                               (4-3) 
where, qL (t) is the part of heat that diffuses into the liquid bulk by conduction only 
since the highest temperature is at the interface and the diffusion direction is toward the 
bottom of the test cell which gives no driving force for convection to take place because 
the upper liquid becomes always higher in temperature than the lower one. The part qV 
(t) is the heat that diffuses into the vapor bulk. For the thermal behavior of absorption, a 
simple model of the heat transfer and the temperature changes may be proposed as 
given in Fig. 4.1. Before starting the absorption, the temperature is the same all over the 
test cell as illustrated in Fig. 4.1 (a). Once absorption starts, heat is released at the 
interface according to the reaction (4-2) and diffuses into both liquid bulk, qL (t), and 
vapor bulk, qV (t), as illustrated in Fig. 4.1 (b). This leads to increasing the temperature 
especially in the area that is very close to the interface and, consequently, a sharp 
temperature gradient is generated as illustrated in Fig. 4.1 (c). 
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Fig. 4.1 Proposed simple model of the heat released during ammonia vapor absorption. 
 
Referring to Fig. 4.2, the following points had to be established in order to 
implement the IHCP solution [21]: 
1. The mathematical specification of the considered thermal diffusion. In this study, 
the diffusion is a one-dimensional in a semi-infinite bulk because the measured 
temperature T2L at a depth of about 10 mm from the interface did not suffer a 
noticeable rise as was shown in Fig. 3.2 in Chapter 3. 
2. The measured temperature T1L (t) during the absorption process. 
3. The distance z1L between the interface and the thermocouple that measures the 
temperature T1L. This distance was measured from the obtained image of the test 
cell, which shows the interface and the thermocouples as can be seen in Fig. 4.3, 
and with the help of an image processing software program. The shortest distance 
that can be measured by this program is 1 pixel which is found to correspond to 
0.05 mm in the images taken to the test cell. During filling the test cell with the 
liquid mixture, the position z1L is set to make it as short as possible for the sake of 
shortening the time lag that is needed by the thermocouple to sense a temperature 
change. 
4. Thermal conductivity, k, density, Lρ , and specific heat, cP, of the liquid mixture. 
These properties were obtained from a specialized reference [23] at fixed values of 
the initial temperature Ti, and the initial mass fraction Ci. 
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5. Thermal diffusivity of the liquid mixture, α  in m2/s, which is calculated by 
implementing the following equation and with the help of the thermal properties 
that are obtained in item 4: 
PLc
k
ρα =                                                             (4-4) 
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Fig. 4.2 The needed parameters for implementing IHCP [21]. 
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Fig. 4.3 An image of the test cell through the sight glass. 
 
The estimated interface temperatures, Tint (t), in all the cases of the different initial 
mass fractions Ci were already shown in Figs. 3.2 (a) through (g) and Figs. 3.3 (a) 
through (g) along with the measured temperatures in the liquid and vapor bulks, 
respectively. Figure 4.4 shows the estimated interface heat flux qL (t) for all the cases of 
the different initial mass fractions Ci, noting that the heat flux qV (t) to the vapor bulk 
could not be included in this estimation, and this is why qL (t) is used instead of qint (t). 
In Fig. 4.4 we can clearly see the effect that the initial mass fraction Ci of the liquid 
mixture has on the absorption heat in that it decreases dramatically with increasing Ci. 
This tendency can be explained based on the reaction (4-2). In the diluted solutions, low 
initial mass fraction Ci, the existence of free water molecules at the interface attracts the 
ammonia vapor to undergo a reaction and, consequently, the released heat is high. In the 
concentrated solutions, high initial mass fraction Ci, the very limited existence of free 
water at the interface forms an obstacle against the occurrence of the reaction and, 
consequently, the released heat is low. 
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Fig. 4.4 Interface estimated heat flux in all the cases of different Ci. 
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C H A P T E R  5  
ESTIMATION OF TOTAL MASS ABSORPTION 
5.1 Estimation of total mass absorption 
Based on this experimental study, the superheated ammonia vapor is absorbed into 
ammonia water liquid mixture of certain ammonia initial mass fraction Ci. During the 
absorption process, vapor pressure drops and heat is released at the liquid-vapor 
interface, both of which form the two indications of absorption as we saw in Chapter 3. 
For estimating the total mass absorption, two different principles are implemented 
which are derived from the two indications of absorption. The first one is based on 
converting vapor pressure drop into absorbed mass by utilizing two gas state equations, 
the ideal one and the actual equation of Tillner-Roth and Friend [24]. The second 
principle is based on converting the interface estimated heat flux, qL (t), which was 
obtained by the inverse heat conduction problem, IHCP, [21] into absorbed mass with 
the help of the absorption reaction molar enthalpy. In the following paragraphs, details 
are presented about these two principles of estimating the total amount of mass 
absorption. At the end of this Chapter, a mathematical equation is developed which 
clarifies the dependency of the total ammonia mass absorption upon the initial mass 
fraction Ci and time t. The developed equation allows calculating the total ammonia 
mass absorbed until any time up to 120 sec from starting the absorption and for any 
value of Ci, under the current experimental conditions. Finally, a comparison is made 
between the two estimations of total mass absorption, the vapor pressure drop and the 
interface heat flux, by implementing the developed equation. 
 
5.1.1 Vapor pressure drop principle 
Assuming an instant equilibrium condition during the absorption process and that the 
superheated ammonia vapor behaves ideally, the measured vapor pressure drop can be 
converted to the absorbed ammonia mass by applying the ideal gas equation of state: 
iidlVV RTtmVtP )()( ,=                                               (5-1) 
where the subscript idl is abbreviated from ideal and indicates ideal gas equation. In this 
equation, the total vapor volume, V = 1.57x10-3 m3, includes three parts, the volume of 
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the vapor bulk in the test cell, the volume of the main cylinder, and the volume of the 
tube connecting both of them. The total volume V can be considered constant since the 
total quantity of the absorbed ammonia is too small to cause a noticeable rise in the 
liquid level of the test cell, (see Fig. 5.1). 
 
NH3(g)
Liquid
mixture Ci
Interface
Main
cylinder
Open during
an experiment
PV(t)
Test cell  
 
Fig. 5.1 A schematic of the total vapor volume V. 
 
In Eq. (5-1) the initial temperature Ti is employed instead of the measured 
temperatures in the vapor bulk TV(1,2,3) because the last ones represent the temperatures 
at points that are situated close to the interface and do not represent the temperature of 
the total vapor bulk volume especially in the main cylinder which is about 150 cm far 
from the test cell, besides the fact that the vapor bulk volume of the test cell is only 
about 6 % of the total vapor volume V. Therefore, the initial temperature Ti is 
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considered to approximate a representative of the temperature in the total vapor volume 
V. As was explained in Chapter 3, the pressure Pref is the measured pressure that 
corresponds to the time immediately after the inlet valve of the test cell is opened to 
start an experiment. The pressure Pref has the maximum value among the measured PV 
(t) and it is named reference because it is adopted for the calculation of the mass 
absorption as will be shown soon. The vapor mass that corresponds to the reference 
pressure Pref is named reference mass and can be calculated as: 
ref
i
idlref PRT
Vm =,                                                       (5-2) 
Thus, the total ammonia mass absorbed until time t in g/m2 can be found as: 
 [ ] Stmmtm idlVidlrefidlpresa /)()( ,,,, −=                                         (5-3) 
The subscript pres is abbreviated from pressure and indicates that the obtained total 
mass absorption is by vapor pressure drop principle. Vapor mass in the total volume V 
at any time t, mV,idl (t), can be calculated from Eq. (5-1). In Eq. (5-3) we divide the 
absorbed mass by the interface area, S = 15.0x10-4 m2, to get an intensive total mass 
absorption. For checking the applicability of the ideal gas state equation, the actual gas 
state equation of Tillner-Roth and Friend [24] was implemented. It is wroth mentioning 
that the valid ranges for temperature and pressure covered by this actual equation [24] 
are 200 < T [K] < 620, and 0.01 < P [bar] < 400, respectively. On the assumption that 
there is an instant equilibrium condition during the absorption process and according to 
Gibbs phase rule, two parameters of the vapor state are needed to get the other 
parameters among which the specific volume of the vapor is sought. The two known 
parameters are the measured vapor pressure PV (t), and the feeding temperature of 
ammonia Ti. By inserting these two parameters into [24], the specific volume of the 
vapor at each instant during the absorption process can be obtained and, consequently, 
vapor mass at each time t is found as:  
3
, 10)(
)( ×=
tv
Vtm actV                                               (5-4) 
where the subscript act is abbreviated from actual and indicates actual gas equation. In 
Eq. (5-4), v (t), in m3/kg, is the vapor specific volume at any time t. The reference vapor 
mass actrefm ,  can easily be found from Eq. (5-4) remembering that it corresponds to the 
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specific volume at Pref and Ti. Thus, the total ammonia mass absorbed until time t can be 
found as: 
[ ] Stmmtm actVactrefactpresa /)()( ,,,, −=                                   (5-5) 
Figure 5.2 shows the total mass absorption of ammonia that is estimated by the vapor 
pressure drop principle within the selected short time of 120 sec from starting the 
absorption, and for all the cases of the different initial mass fractions Ci. Two 
remarkable observations can be noticed in Fig. 5.2. The first one is the very good 
agreement between the ideal and actual gas estimations especially in cases of low Ci. 
This indicates that the ideal gas equation is applicable at least under the current 
experimental conditions. The second observation is that the ammonia absorbed mass 
decreases dramatically with increasing the initial mass fraction Ci. 
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Fig. 5.2 Total mass absorption of ammonia by vapor pressure drop principle in all the 
cases of different Ci. 
 
5.1.2 Interface heat flux principle 
During the absorption of ammonia vapor, heat is released at the interface and 
diffuses into the liquid and the vapor bulks. The part of heat that diffuses by conduction 
into the liquid bulk was estimated by implementing the IHCP solution as was shown in 
Chapter 4. For convenience, the estimated interface heat flux is shown here in Fig. 5.3 
for all the cases of the different ammonia initial mass fractions Ci. 
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Fig. 5.3 Interface estimated heat flux in all the cases of different Ci. 
 
The estimated interface heat flux qL (t) can be converted into the absorbed mass by 
using the molar heat of the following representative absorption reaction: 
1323 )()()( QaqNHlOHgNH +=∞+                                  (5-6) 
 where, the moral enthalpy is Q1 = 34.18 kJ/mol. Reaction (5-6) shows that for each one 
mole of ammonia aqueous formed, one mole of ammonia vapor is absorbed and 34.18 
kJ of heat is released. Therefore, the total ammonia mass absorbed until time t in g/m2 
can be found as: 
  ∑
=
=
t
t
Lheata tqQ
Ntm
11
, )(
~
)(                                              (5-7) 
The subscript heat indicates that the obtained total mass absorption is by interface heat 
flux principle. In Eq. (5-7), Ñ = 17 g/mol is the molecular weight of ammonia. Figure 
5.4 shows the total mass absorption of ammonia that is estimated by the interface heat 
flux principle within the selected short time of 120 sec from starting the absorption, and 
for all the cases of the different ammonia initial mass fractions Ci. In Fig. 5.4 we can see 
that the absorbed mass of ammonia decreases dramatically with increasing Ci, the same 
observation that was made in Fig. 5.2. The comparison between the pressure drop-based 
estimation and the interface heat flux-based estimation will be delayed until completing 
the next paragraph. 
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Fig. 5.4 Total mass absorption of ammonia by interface heat flux principle in all the 
cases of different Ci. 
 
5.2 Dependency of the total mass absorption upon Ci and t 
In the above explained analysis, the total mass absorption of ammonia could be 
obtained by using two different principles, vapor pressure drop, and interface heat flux. 
Seven cases of mixtures with different initial ammonia mass fraction Ci were examined. 
It has been shown that the total absorbed mass, by both principles of estimation, is a 
function of Ci and time t, so that the following expression can be written: 
dt
t
m
dC
C
m
dmtCfm
iC
a
i
ti
a
aia 


∂
∂+



∂
∂=⇒= ),(                         (5-8) 
The target now is to find a mathematical relation that describes Eq. (5-8) by using the 
estimated ammonia mass absorption. In this paragraph, we will not rely on the ammonia 
mass absorbed that was estimated by the ideal gas equation since the estimation by the 
actual state equation is quite enough where both agree very well as was shown in Fig 
5.2.  
The first term in the right side of Eq. (5-8) represents the dependency of the total 
mass absorption of ammonia, presam , , Eq. (5-5), or heatam , , Eq. (5-7), upon the initial 
mass fraction Ci at fixed times. The second term in the right side of Eq. (5-8) represents 
the dependency of presam , , or heatam , , upon time t at fixed values of the initial mass 
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fraction Ci, and this term is illustrated in Figs. 5.2 and 5.4, respectively. For the sake of 
finding a mathematical relation that expresses Eq. (5-8), certain steps were followed. 
First, we obtained the dependency of the absorbed mass upon the initial mass fraction Ci, 
the first term in the right side of Eq. (5-8), for several selected times starting from 5 sec 
and ending with 120 sec; total of fourteen times. Second, we approximated the total 
mass absorption of ammonia as a function of the initial mass fraction Ci for each time 
by using the following exponential decay which gave the best fitting among several 
trials of other functions: 
  210,
aC
presa
ieaam −+=                                                (5-9) 
2
10,
bC
heata
iebbm −+=                                               (5-10) 
In Eqs. (5-9) and (5-10), the coefficients a2 and b2 should be independent of time, in 
other word constants, since Ci is dimensionless, i.e., mass fraction. Therefore, the third 
step was to get the constant values of both a2 and b2, and it was obtained as the averages 
of the collected values of each of them form the approximations of the fourteen times. 
Figures 5.5 (a) and (b) show the coefficients a2 and b2, respectively, where the averages 
are 0.26 and 0.24 for a2 and b2, respectively. The fourth step was accomplished by 
repeating the approximations again using Eqs. (5-9) and (5-10), but this time with 
inserting the fixed values of a2 and b2. Figures 5.6 (a) through (d), and Figs. 5.7 (a) 
through (d) show the obtained approximations by Eqs. (5-9) and (5-10), respectively, 
for four selected times, 5, 40, 80 and 120 sec. The coefficients a0, a1, b0, and b1 are time 
dependent, and their values corresponding to the selected fourteen times are listed in 
Appendix II, Tables II.1 and II.2, respectively. The coefficients a1, and b1 are called the 
amplitudes of the exponential decay of Eqs. (5-9) and (5-10). They are shown in Figs. 
5.8 (a) and (b), respectively, along with the approximations obtained by the following 
polynomials: 
]2[,)(
0
2/
11 == ∑
=
Ntata
N
j
j
j                                           (5-11) 
  ]2[,)(
0
2/
11 == ∑
=
Ntbtb
N
j
j
j                                           (5-12) 
The coefficients a1j and b1j are listed in Appendix II, Table II.3. The coefficients a0 and 
b0 of Eqs. (5-9) and (5-10), respectively, show a slight change with time. However, they 
are shown in Fig. 5.9 (a) and (b), respectively, along with the approximations obtained 
by the following polynomials: 
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j                                         (5-14) 
The coefficients a0j and b0j are listed in Appendix II, Table II.4. By substituting Eqs. (5-
11) and (5-13) in Eq. (5-9), and Eqs. (5-12) and (5-14) in Eq. (5-10), we get the final 
equations as follows: 
2)( 12
21
111002
21
0100,
aC
presa
ietataatataam −+++++=               (5-15) 
2)( 12
21
111002
21
0100,
bC
heata
ietbtbbtbtbbm −+++++=                (5-16) 
Equations (5-15), and (5-16) allow calculating the total mass absorption of ammonia per 
unit area until any time up to 120 sec from starting the absorption and for any value of 
Ci, based on vapor pressure drop, using the actual state equation [24], and interface heat 
flux, respectively, under the current experimental conditions. The coefficients of these 
two equations are listed in Appendix II, Tables II.2, II.3, and II.4, noting that a2 = 0.26 
and b2 =0.24.  
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(a) Coefficient a2. 
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(b) Coefficient b2. 
 
 
Fig. 5.5 Coefficients a2 and b2 with their averages. 
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(a) Until t = 5 sec. 
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(b) Until t = 40 sec. 
 
 
 
Fig. 5.6 Approximations of the total mass absorption obtained by Eq. (5-9). (continued) 
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(c) Until t = 80 sec. 
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(d) Until t = 120 sec. 
 
 
Fig. 5.6 Approximations of the total mass absorption obtained by Eq. (5-9). 
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(a) Until t = 5 sec. 
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Fig. 5.7 Approximations of the total mass absorption obtained by Eq. (5-10). 
(continued) 
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(c) Until t = 80 sec. 
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Fig. 5.7 Approximations of the total mass absorption obtained by Eq. (5-10). 
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(a) Coefficient a1. 
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Fig. 5.8 Approximations of coefficients a1 and b1 obtained by Eqs. (5-11) and (5-12). 
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(a) Coefficient a0. 
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Fig. 5.9 Approximations of coefficients a0 and b0 obtained by Eqs. (5-13) and (5-14). 
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5.3 Comparison between the two estimation principles 
For the sake of comparing the estimation of the total mass absorption of ammonia 
that is based on the vapor pressure drop with that based on the interface heat flux, Figs. 
5.10 (a), (b), and (c) are introduced which show the total mass absorption as a function 
of the initial mass fraction Ci until three selected times, 10, 60, and 120 sec, respectively. 
In each figure, the open dots with cross marks represent the absorbed mass obtained by 
the vapor pressure drop estimation, Eq. (5-5), while the closed dots represent the 
absorbed mass obtained by the interface heat flux estimation, Eq. (5-7). The solid curve 
and the dashed one represent the absorbed mass obtained by the developed equations (5-
15) and (5-16), respectively. Interestingly enough, the estimations by the developed 
equations, (5-15) by pressure drop and (5-16) by interface heat flux, show the same 
tendency by obeying the same exponential decay. This allows us to conclude that the 
vapor pressure drop and the interface heat flux are inter-related from the absorption 
reaction point of view; pressure drop reflects the consumption of ammonia vapor in the 
reaction, and the interface heat flux reflects the thermal behavior of the reaction. 
In Figs 5.10 (a), (b), and (c) we can see that both estimations do not agree in the 
cases of low initial mass fraction Ci. However, when Ci increases, the two estimations 
get closer until a good agreement is obtained when Ci approaches the value 0.6 kg/kg. 
One of the main reasons behind this disagreement is that the part of heat which transfers 
into the vapor bulk, qV (t), could not be regarded when implementing the IHCP solution 
[21]. In the cases of low Ci, the heat released due to the absorption reaction is 
considerably high, consequently, the heat flux to the vapor bulk, qV (t), is considerable 
because the temperatures in the vapor bulk suffered sharp increase at short time form 
starting the absorption as was shown in Chapter 3. Furthermore, the total mass 
absorption that is estimated by the interface heat flux is accompanied with the following 
worth-considering points: 
1. For estimating the interface heat flux, four properties of the liquid mixtures were 
needed to run the IHCP [21] program. These properties are: thermal conductivity, 
specific heat, density, and thermal diffusivity. The first three were found in the 
specialized reference of [23] based on fixed ammonia mass fraction and fixed 
solution temperature, and the fourth property was easily calculated with the help of 
the other three. In fact, the interface temperature, Tint (t), and mass fraction, Cint (t), 
change with time during the absorption process, and this must result in non-
constant values of the above-mentioned properties. 
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2. Also for implementing the IHCP solution [21], the distance z1L between the 
interface and the thermocouple that measures the temperature T1L should be known. 
This distance was measured with a good accuracy using an image processing 
software program. The shortest distance that can be measured by this program is 1 
pixel which is found to correspond to 0.05 mm in the images taken to the test cell. 
In fact, this distance should not be constant since it increases, even very little, with 
time due to the absorbed mass. This is one of the reasons why we limited the 
analysis to a very short time from starting the absorption, 120 sec.  
3. The absorption reaction in this experimental work was assumed to be represented 
by the case of ammonia absorption in huge amount of water, therefore, its molar 
enthalpy Q1 was used in the calculations. This was done due to the lack of the molar 
enthalpies of the whole range of ammonia water mixtures. Besides, a fixed value of 
Q1 was used in the calculations, which is basically fixed for certain final 
concentration, but under the current experimental condition it must change with 
time during the progress of the absorption process since the interfacial 
concentration does change. 
 
As a comparison, the vapor pressure drop-based estimation, developed Eq. (5-15), is 
more reliable than the interface heat flux-based estimation, developed Eq. (5-16), for the 
above-explained reasons. 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 5                                                                  ESTIMATION OF TOTAL MASS ABSORPTION 
 71
0.0 0.2 0.4 0.6 0.8
0
10
20
30
40
 ma,pres by Eq. (5-5)
 Approximation
          by Eq. (5-15)
 ma,heat by Eq. (5-7)
 Approximation
          by Eq. (5-16)
until t = 10 secTo
ta
l m
as
s 
ab
so
rp
tio
n 
[g
/m
2 ]
Ci [kg/kg]  
 (a) Until t = 10 sec. 
 
0.0 0.2 0.4 0.6 0.8
0
20
40
60
80
100
until t = 60 sec
 ma,pres by Eq. (5-5)
 Approximation
          by Eq. (5-15)
 ma,heat by Eq. (5-7)
 Approximation
          by Eq. (5-16)
To
ta
l m
as
s 
ab
so
rp
tio
n 
[g
/m
2 ]
Ci [kg/kg]  
 (b) Until t = 60 sec. 
 
0.0 0.2 0.4 0.6 0.8
0
50
100
150
 ma,pres by Eq. (5-5)
 Approximation
          by Eq. (5-15)
 ma,heat by Eq. (5-7)
 Approximation
          by Eq. (5-16)
until t = 120 secTo
ta
l m
as
s 
ab
so
rp
tio
n 
[g
/m
2 ]
Ci [kg/kg]  
 (c) Until t = 120 sec. 
 
Fig. 5.10 Estimations of the total mass absorption by the two principles in all cases of 
different Ci. 
In order to evaluate the developed equations (5-15) and (5-16), we may introduce 
relative standard deviation as follows: 
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In Eq. (5-17), ma,pred is the total ammonia absorbed mass that is predicted by the 
developed Eqs. (5-15) and (5-16), while ma,m is the total ammonia absorbed mass that is 
obtained by the measured pressure, Eq. (5-5), and the interface estimated heat flux, Eq. 
(5-7). The term N is the number of data for each considered time, N = 7 because seven 
cases were tested with the different initial mass fractions Ci. Figure 5.11 shows the 
relative standard deviation of the two total mass absorption estimation principles, vapor 
pressure drop and interface heat flux, for the time range of interest, 5 ~ 120 sec. In Fig. 
5.11 we can see that the relative standard deviation for the vapor pressure drop 
estimation is around 8.0 % for most of the considered time interval, 30 sec up to 120 sec, 
while it decreases linearly from the value of nearly 13.5 % down to about 8.0 % within 
the same interval of time for the interface heat flux estimation. Therefore, we can state 
that the developed equation gives more accurate predications by vapor pressure drop, 
Eq. (5-15), than by interface heat flux, Eq. (5-16), even within very short time from 
starting the absorption, 5 ~ 30 sec, as can be seen in Fig. 5.11. 
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Fig. 5.11 Relative standard deviation of the two estimation principles of the total mass 
absorption. 
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C H A P T E R  6  
OPTICAL MEASUREMENT 
In this Chapter, the visualization of the absorption process is presented, and the 
concentration distribution obtained both experimentally and theoretically is discussed.  
 
6.1 Basic considerations 
Before introducing the Mach-Zehnder interferometer, it will be helpful to mention 
two characteristics of light, which are thought to be important for the soon coming 
analysis. The first one is that when light propagates inside a material, it no longer 
travels at the same speed as a light wave in a vacuum. The reduction in the speed of a 
wave is given by the refractive index of the medium, n, which is defined as the ratio 
between the speed of light in vacuum over that in the medium. Most transparent 
materials have a refractive index between 1 and 2. For example, a specific n value is 
about 1.33 for water and about 1.5 for window glass. The second characteristic is 
related to a phenomenon known as interference. Interferences occur when two, or more, 
waves of the same frequency overlap at the same point. In order for the interference to 
be observable, the relative phases of the waves must remain constant over a long period 
of time. If two waves meet in phase they add together due to the constructive 
interference and a bright area is displayed; high light intensity. In areas where two 
waves meet totally out of phase they will subtract from each other due to the destructive 
interference and a dark area will appear; low or zero light intensity. Both constructive 
and destructive interferences are formed on the principle known as superposition of 
waves where the amplitudes of the overlapped waves are algebraically added as 
illustrated in Fig. 6.1.  
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Fig. 6.1 Illustration of the superposition of two waves which leads to interferences. 
 
6.2 Mach-Zehnder interferometer 
In this experimental study, Mach-Zehnder two-beam interferometer was 
implemented to visualize ammonia vapor absorption, where a schematic of this 
interferometer is illustrated in Fig. 6.2. As it is known, a laser can be thought of as 
simply a light source which emits only one-wave length of light, and this is one of the 
two characteristics of laser. The other characteristic is being coherent which means that 
the light waves that make up the laser beam tend to line up; trough-to-trough and crest-
to-crest, therefore, the laser is in phase, in other words coherent. 
As shown in Fig. 6.2, a red He-Ne laser beam with a diameter of about 1 mm is 
emitted from the laser unit, and then transmits through a half-wave plate, HWP, which 
has the function of making the beam linearly polarized. Then the beam’s direction is 
changed 90o by using a mirror, M, so that it incidents on a quarter-wave plate, QWP, 
which has the function of circularly polarizing the beam. Then the polarized beam 
passes through a beam expander, BE, which releases it with a diameter that expands 
with distance, i.e., changeable diameter along the traveled distance. Through a mirror M 
that changes its direction 90o, the beam then transmits through a collimator lens which 
allows the beam out of it with a fixed diameter, more than 30 mm. This beam is then 
split into two beams by a beam splitter, BS, before transmitting into the test cell. One of 
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the two beams transmits through the sight glass of the test cell and is called the 
measured beam MB. The other beam continues its path through the air and is, therefore, 
called the reference beam, RB. Both of the beams are united again at a BS to incident 
finally on a CCD camera, NEC TI-324A 2/3 inch black and white with zoom lens, 
which is connected to two DV tape recorders, one is for recording the fringes and the 
other is for recording real images of the interface during the absorption process. 
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Fig. 6.2 Schematic of Mach-Zehnder two-beam interferometer. 
HWP: half-wave plate, QWP: quarter-wave plate, M: mirror, BE: beam expander, CL: 
collimator lens, BS: beam splitter, IB: incident beam, RB: reference beam, MB: 
measured beam. 
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The shutter speed of the CCD camera is set at 1/10000 sec. Since Mach-Zehnder 
interferometer is sensitive against any sort of vibration, it is mounted, together with the 
test cell, on a special optical table with vibration isolation system. Figure 6.3 shows a 
picture taken to the optical system with the test cell. 
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Fig. 6.3 A picture of the optical measuring system. 
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The condition under which fringes are formed is the optical path difference, OPD, 
between the measured beam and the reference beam. The optical path is defined as the 
geometrical distance, L, traveled by the light multiplied by the refractive index, n, of the 
medium through which light travels. Thus, the optical path difference OPD is given as: 
refrefmm LnLnOPD −=                                               (6-1) 
where Lm and Lref are the geometrical distances traveled by the measured and the 
reference beams, respectively, and nm and nref are the refractive indices of the measured 
and the reference beams, respectively. If an optical path difference is generated, then 
there will be interferences as bright fringes and dark ones. This pattern of bright and 
dark fringes is described mathematically as: 
  
2
)2( λmOPD = , for bright fringes                                        (6-2) 
2
)12( λ+= mOPD , for dark fringes                                       (6-3) 
where m is the order of the fringe. Initially, homogeneous mixture exists in the test cell 
and, therefore, only bright image is observed. This condition is described 
mathematically as: 
2
)2()2()2( 0
λmLLnLnLnOPD gLrefggL =+−+=                      (6-4) 
where, n0 is the refractive index of the liquid mixture at the initial condition, ng is the 
refractive index of the sight glass, and LL and Lg are, respectively, the lengths of the 
liquid mixture and the sight glass that the laser beam perpendicularly passes through. 
For a condition 1 at which one fringe is formed we can write: 
2
)1(2)2()2( 1
λ+=+−+= mLLnLnLnOPD gLrefggL                      (6-5) 
By subtracting Eq. (6-4) from Eq. (6-5) we get the change in the refractive index n∆  
which corresponds to the formation of one fringe in the visualized image: 
LL L
nnn
L
nn λλ =−=∆⇒+= 0101 )1(                                  (6-6) 
The wavelength of the Red He-Ne laser is λ  = 632.8×10-6 mm and the length of the 
liquid that the laser beam perpendicularly transmits through is LL = 15 mm, the inner 
width of the test cell. By substituting the values of λ  and LL in Eq. (6-6) we get the 
following: 
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LL
n λ                              (6-7) 
The value that is given by Eq. (6-7) indicates the change in the refractive index n∆  
that corresponds to the forming of one fringe.  
Refractive index n is a function of three parameters: 
),,( λTCfn =                                                      (6-8) 
where, C is the concentration of the liquid mixture through which light transmits, T is 
the temperature, and λ  is the wavelength of the light. Since laser light is used in this 
technique, the wavelength λ  can be considered constant. Therefore, Eq. (6-8) becomes: 
 ),( TCfn =                                                         (6-9) 
As Eq. (6-9) states, refractive index n is a function of concentration C and temperature 
T; each of which has its own contribution in the formation and the distribution of the 
fringes. The total differential of n can be expressed as: 
dT
T
ndC
C
ndnTCfn ∂
∂+∂
∂=⇒= ),(                                 (6-10) 
During the diffusion process, concentration C and temperature T are functions of depth z 
and a time t. Thus, at a fixed time t, Eq. (6-10) can be written as: 
dz
dz
dT
T
ndz
dz
dC
C
ndnTCfn ∂
∂+∂
∂=⇒= ),(                           (6-11) 
The terms dzdC  and dzdT  represent the concentration and the temperature 
distributions in the liquid bulk at a fixed time t, respectively, and will be shown later in 
this Chapter. What we need to implement Eq. (6-11) is the dependency of refractive 
index n upon concentration C and temperature T represented by the terms Cn ∂∂  and 
Tn ∂∂ , respectively. After serious searching in specialized references we could only 
find Fig. 6.4 which shows the dependency of the refractive index n of ammonia water 
mixtures upon ammonia mass fraction C at a fixed temperature of 24 oC [23]. We could 
not find a reference that provides the dependency of the refractive index n upon 
temperature T. However, with the help of Fig. 6.4 we tentatively calculated the change 
in the refractive index n∆  that is caused by a concentration change C∆  at two different 
values of ammonia mass fraction Ci, 0.17 and 0.59 kg/kg. The so calculated values 
along with the value provided by Eq. (6-7) can lead us to the concentration change, Co, 
which is resulted from one fringe formed in the visualized image as follows: 
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oCfr
C =∆                                                      (6-12) 
For the two selected cases of Ci = 0.17 and Ci = 0.59 kg/kg, the values of Co were found 
to be 8.0×10-4 and 1.52×10-3 kg/kg, respectively. These values are considered as 
references to which the analysis is made.  
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Fig. 6.4 Refractive index of ammonia solution at 297 K [23]. 
 
6.3 Visualized fringes 
In this dissertation, the visualized fringes and the related analysis along with the 
theoretical analysis of only two selected cases of different ammonia initial mass fraction, 
Ci, are presented. The first case is Ci = 0.17 kg/kg, and the second case is Ci = 0.59 
kg/kg. 
Before opening the inlet valve of the test cell to start the experiment, homogeneous 
mixture exists in the test cell and, consequently, there are no fringes in the visualized 
images where only bright areas are observed as can be seen in the left side of Figs. 6.5 
(a) and (b) in the cases of Ci = 0.17 and Ci = 0.59 kg/kg, respectively. The right sides of 
Figs. 6.5 (a) and (b) show the real images of the test cell at the initial condition where 
we can see the position of the interface and the thermocouples in the liquid and the 
vapor bulks. Once the inlet valve of the test cell is opened to start the experiment, the 
ammonia vapor flows into the test cell where it reaches the interface and undergoes a 
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chemical reaction with water molecules through which a new species is formed and, 
simultaneously, heat is released. This leads to changes in the density of the liquid 
mixture due to the changes in the mass fraction C and the temperature T. Therefore, the 
refractive index of the liquid changes as Eq. (6.9) indicates and, necessarily, optical path 
differences, OPD, are generated as Eq. (6.1) states, which result in forming fringes that 
propagate in the liquid bulk with time. Figures 6.6 (a) and (b) show the visualized 
fringes at four different times in the two cases of Ci = 0.17 and Ci = 0.59 kg/kg, 
respectively. The fringes distribution at the considered times could be analyzed to get 
the concentration distribution with the help of Eq. (6-12) as can be seen by the lower 
sides of Figs. 6.6 (a) and (b). First, we assign the symbol fr0, fringe number 0, to the 
lowest bright area in the liquid bulk where mass fraction has the initial value of Ci. 
Second, we determine the depths of the fringes in a way that each depth corresponds to 
the middle of the bright area between each two successive dark fringes. By doing so we 
get the fringes fr1, fr2, fr3,… up to the closest fringe to the interface. Finally, we adopt 
the following equation to get the concentration, mass fraction, of any fringe frj 
referenced to the initial mass fraction Ci at the considered time: 
∑
=
+=
N
j
oij jCCfrC
0
)(                                              (6-13) 
where, j is the counter of the fringes starting from 0, the bulk, and N represents the total 
number of fringes at the considered time and indicates the closest fringe to the interface.  
Care must be taken that the calculated values of Co by Eq. (6-12) include not only the 
effect of concentration upon the formation and the propagation of the fringes but also 
the effect of temperature as well since fringes are formed because of refractive index 
change during the diffusion process which is resulted from both concentration and 
temperature changes. Therefore, when analyzing fringe distribution to get the 
concentration distribution, the calculated values of Co, 8.0×10-4 and 1.52×10-3 kg/kg, are 
larger than those should be used; the difference is due to temperature effect. But, 
because we do not have the dependency of the refractive index n upon temperature T, 
we can not decide how much larger. 
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(a) Ci = 0.17 kg/kg. 
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(b) Ci = 0.59 kg/kg. 
 
Fig. 6.5 The visualized initial condition, before absorption started, in the two cases of Ci 
= 0.17 and Ci = 0.59 kg/kg. 
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(a) Ci = 0.17 kg/kg. 
 
 
Fig. 6.6 Fringes distribution at four different times after absorption started in the two 
cases of Ci = 0.17 and Ci = 0.59 kg/kg. (continued) 
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(b) Ci = 0.59 kg/kg. 
 
 
Fig. 6.6 Fringes distribution at four different times after absorption started in the two 
cases of Ci = 0.17 and Ci = 0.59 kg/kg. 
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6.4 Concentration distribution 
The final step in this Chapter is to find the concentration distribution in the liquid 
bulk both experimentally and theoretically as will be explained in this paragraph. 
In order to understand the diffusion of ammonia concentration, mass fraction, in the 
liquid bulk with time and depth, one has to solve the one-dimensional governing 
equation for the diffusion with initial and boundary conditions. This governing equation 
can be expressed as: 
2
2
z
CD
t
C
∂
∂=∂
∂                                                    (6-14) 
where, D is the mass diffusivity. The mass fraction of ammonia was kept constant 
before the ammonia vapor absorption took place at the interface, i.e., Ci = const initially. 
The boundary condition is changed with time during the absorption process. To 
determine the mass fraction at the interface with time, Cint (t), two parameters are 
needed according to Gibbs phase rule on the assumption that there is an instantaneous 
and local equilibrium condition at the interface during the absorption process. These 
two parameters are the measured vapor pressure PV (t), which was shown in Chapter 3, 
and the estimated interface temperature Tint (t), which was obtained from the IHCP 
solution [21] as was explained in Chapter 4. Figures 6.7 (a) and (b) show the interface 
mass fraction Cint (t) that is estimated based on Gibbs phase rule and represented by the 
dots with cross marks in the two selected cases of Ci = 0.17 and Ci = 0.59 kg/kg, 
respectively. An approximation function is needed to analytically solve Eq. (6-14), and 
the following polynomial square root of time has been adopted: 
2,)(
0
2
int == ∑
=
NtrtC
N
j
j
j                                           (6-15) 
The number of terms, N, in Eq. (6-15) should be limited as small as possible to avoid 
complexity in the solution. The coefficients rj for the two cases and within the time 
intervales of interest are listed in Table III.1, Appendix III. The solid curves in Figs. 6.7 
(a) and (b) represent the approximations obtained by Eq. (6-15), where we can see the 
very good agreement with the data that is obtained by Gibbs phase rule and represented 
by the dots with cross marks. 
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(a) Ci = 0.17 kg/kg, within the time interval [10, 100]. 
 
 
 
0 100 200 300 400 500 600
0.596
0.598
0.600
0.602
0.604
0.606
 Data estimated by
          Gibbs phase rule
 Approximation
          by Eq. (6-15)
Ci = 0.59 kg/kg
C
in
t [
kg
/k
g]
t [sec]  
 
(b) Ci = 0.59 kg/kg, within the time interval [10, 600]. 
 
 
Fig. 6.7 Cint (t) and its approximation in the two cases of Ci = 0.17 and Ci = 0.59 kg/kg. 
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The solution of Eq. (6-14) at the boundary condition that is described by Eq. (6-15), 
gives the concentration distribution as a function of position and time and presented as 
Eq. (III-1) in Appendix III. To get the theoretical concentration distribution, a value of 
the mass diffusivity D must be inserted in Eq. (III-1). The experimental work of Kojima 
et al. [11] showed D values in the range of 3.3 ~ 4×10-9 m2/s in mixtures of ammonia 
mole fraction ranging from 0.35 to 0.7. The molecular dynamic simulation work of 
Ferrario et al. [12] provided D values in the range of 2 ~ 5×10-9 m2/s for the complete 
range of ammonia mole fraction. 
As we saw in Fig. 6.6 (a), the visualized fringes in the case of ammonia initial mass 
fraction Ci = 0.17 kg/kg in the area that is close to the interface, nearly 2.5 mm at t = 35 
sec, becomes very dense in fringes so that the distances between the fringes are not 
measurable. This is why we will start by analyzing the fringes distributions in the case 
of Ci = 0.59 kg/kg in which the distances between the fringes are easily measurable 
even at short time from starting the absorption, Fig. 6.6 (b).  
Figures 6.8 (a) and (b) show the concentration distribution in the case of Ci = 0.59 
kg/kg obtained by the theoretical solution, Eq. (III-1) in Appendix III, and by the fringe 
analysis at the two selected times of 40 and 360 sec, respectively. In Fig. 6.8 (a), fr0 
refers to the fringe number 0 which represents the liquid bulk where mass fraction and 
temperature have the initial values of Ci and Ti, respectively, while fr3 and fr5 are the 
fringes with the numbers 3 and 5, respectively, and obtained by counting the fringes 
from the bottom starting from fr0. With respect to the theoretical solution, two values of 
mass diffusivity D were tentatively selected, 2×10-9 and 5×10-9 m2/s, and inserted in Eq. 
(III-1), Appendix III, to get the corresponding concentration distributions as shown by 
the dashed and the solid curves, respectively. With respect to the fringe analysis, we 
show again in Fig. 6.8 (a) the concentration distribution as represented by the dots with 
cross marks, which was shown in Fig. 6.6 (b) and obtained by means of Eq. (6-13). 
Clearly, there is no agreement between the concentration distribution obtained by fringe 
analysis and that obtained by the theoretical solution. Furthermore, the concentration 
distribution by the fringe analysis shows high mass diffusivity when compared to that 
obtained by the theoretical solution. This indicates that heat greatly influences the 
forming of the fringes within short time from starting the absorption, t = 40 sec. From 
the current experimental work we found that mass and heat diffuse simultaneously in 
the liquid mixture and, as it is known, thermal diffusivity in ammonia water mixtures is 
in the order of 1×10-7 m2/s, while mass diffusivity is in the order of 5×10-9 m2/s, which 
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means that thermal diffusivity is nearly 100 times larger than mass diffusivity. In other 
words, the penetration depth of thermal diffusion is 10 times larger than that of mass 
diffusion since the mathematical solution is composed of the square root of the 
diffusivity. Based on this fact we can analyze the fringes distribution by relying on the 
square root of Lewis number: 
D
Le α=                                                       (6-16) 
where, α  and D are thermal and mass diffusivities in the liquid bulk, respectively. 
Thermal diffusivity can be calculated from the following equation: 
PLc
k
ρα =                                                       (6-17) 
where, k is the thermal conductivity, Lρ  is the density and cp is the specific heat of the 
liquid mixture. In the case of Ci = 0.59 kg/kg, thermal diffusivity is found to be 
1.51×10-7 m2/s. By substituting the value of thermal diffusivity α  and the two selected 
values of mass diffusivity D, 2×10-9 and 5×10-9 m2/s, in Eq. (6-16) we get the values 8.7 
and 5.5, respectively. The calculated value 8.7 means that the depth propagated by 
temperature is 8.7 times larger than that propagated by concentration when mass 
diffusivity is D = 2×10-9 m2/s, and it is 5.5 times larger when D = 5×10-9 m2/s. To 
determine the depth that is propagated by temperature, zT, until the considered time of 
40 sec, we use the following equation which is derived from the basic solution of 
diffusion problem [21]: 
tzT α64.3=                                                 (6-18) 
At t = 40 sec, zT is found to be 8.94 mm, beneath which initial temperature exists and 
thus, the depth zT is referred to by fr0. Therefore, the depth that is propagated by 
concentration, zC, can be easily obtained by dividing zT = 8.94 mm by the ratios 8.7 and 
5.5, which are calculated by Eq. (6-16). The so obtained depths of the concentration 
propagation are 1.03 and 1.62 mm at D = 2×10-9 and 5×10-9 m2/s, respectively. The two 
values of zC are represented in Fig. 6.8 (a) by the two horizontal dot lines and we found 
that they almost correspond to the fringes fr3 and fr5, respectively. The interpretation of 
these two lines is that each of them represents a boundary between two layers. The layer 
that is beneath the boundary line is named a layer of fast fringes propagation and is 
believed to be a pure thermal-controlled layer where mass does not penetrate it. 
Mathematically, the first term in the right side of Eq. (6-11), dzdC , is 0 which 
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indicates that only temperature is responsible for the forming of the fringes in this fast 
layer. On the other hand, the layer that is above the boundary line is named a layer of 
slow fringes propagation where both concentration and temperature superpose during 
the diffusion process and each of them has its own contribution in the forming and the 
propagation of the fringes. In other words, none of the two terms in the right side of Eq. 
(6-11), dzdC  and dzdT , is 0. Heat effect on the fringes is big at short time from 
starting the absorption, 40 sec, and this is why there is no agreement between the 
concentration distribution obtained theoretically and that by fringe analysis as can be 
seen in Fig. 6.8 (a). 
With the elapse of time, fringes penetrate deeper into the liquid bulk and their 
distribution changes to indicate the progress of the diffusion process. Figure 6.8 (b) 
shows the concentration distributions after relatively long time from starting the 
absorption, t = 360 sec, that are obtained by the theoretical solution and by the fringe 
analysis. With respect to the fringe analysis, we show again in Fig. 6.8 (b) the 
concentration distribution as represented by the dots with cross marks, which was 
shown in Fig. 6.6 (b) and obtained by means of Eq. (6-13). Clearly there is no 
agreement between the concentration distribution obtained by fringe analysis and that 
obtained by the theoretical solution. This indicates that heat still influences the fringes 
even after relatively long time from starting the absorption, t = 360 sec. Therefore, we 
rely on the square root of Lewis number, Eq. (6-16) to determine the position of the 
boundary line between the two distinguished layers. By substituting the value 360 sec of 
time in Eq. (6-18) we get the depth that is propagated by temperature, zT = 26.84 mm. 
Thus, by implementing Eq. (6-16) we get the depths propagated by concentration zC 
which are found to be 3.09 and 4.88 mm corresponding to the two values of mass 
diffusivity D, 2×10-9 and 5×10-9 m2/s, respectively. These two values of zC are shown by 
the two horizontal dot lines in Fig. 6.8 (b) and we found that they almost correspond to 
the fringes fr2 and fr3, respectively. We can see in Fig. 6.8 (b) that there is a good 
agreement between the concentration distribution obtained by fringe analysis, Eq. (6-16), 
and that obtained by the theoretical solution when D = 5×10-9 m2/s in the slow 
propagation layer down to the depth of nearly 2 mm from the interface. With depths 
larger than 2 mm, the two distributions get a little far from each other and this can be 
justified by the fact that heat still affects the propagation of the fringes. As we 
mentioned earlier in this Chapter, paragraph 6.3, when analyzing fringe distribution to 
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get the concentration distribution, the calculated value of Co is larger than that should be 
used; the difference is due to temperature effect. 
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Fig. 6.8 Concentration distribution in the liquid bulk in the case of Ci = 0.59 kg/kg. 
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To clarify the effect of the thermal diffusion on the fringes distribution, Fig. 6.9 is 
introduced which shows the temperature distribution in the liquid bulk in the case of Ci 
= 0.59 kg/kg at the two selected times, 40 and 360 sec. We tentatively estimated the 
temperature gradient on the interface at the two times of 40 and 360 sec, and got the 
values of 0.3 and 0.014, respectively. This result supports the fact that changes in the 
temperature influence the forming and the propagation of the fringes especially at short 
time from starting the absorption, 40 sec, where thermal effect is very considerable. 
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Fig. 6.9 Temperature distribution in the liquid bulk in the case of Ci = 0.59 kg/kg. 
 
To get the concentration distribution in the liquid bulk of the case Ci = 0.17 kg/kg, 
we follow the same steps that were followed in the case of Ci = 0.59 kg/kg. The 
concentration distributions obtained by the theoretical solution and by the fringe 
analysis are shown in Figs. 6.10 (a) and (b) at two different times of 35 and 100 sec, 
respectively. We can see in the image attached to Fig. 6.10 (a) that the fringes in the 
area from the interface to a depth of about 2.5 mm are not clear because this area 
becomes very dense with fringes. However, with the elapse of time, this area becomes 
more clear as can be seen in the image attached to Fig. 6.10 (b) that corresponds to t = 
100 sec where the thickness of the area with dense fringes becomes less, nearly 1.6 mm. 
For the sake of analyzing the fringes distribution, we start from the clearer image of t = 
100 sec. With respect to the theoretical solution, two values of mass diffusivity D were 
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tentatively selected, 2×10-9 and 3.5×10-9 m2/s, and inserted in Eq. (III-1), Appendix III, 
to get the corresponding concentration distributions as shown by the dashed and the 
solid curves, respectively. With respect to the fringe analysis, we show again in Fig. 
6.10 (b) the concentration distribution as represented by the dots with cross marks, 
which was shown in Fig. 6.6 (a) and obtained by means of Eq. (6-13). Clearly, there is 
no agreement between the concentration distribution obtained by fringe analysis and 
that obtained by the theoretical solution. This indicates that heat greatly influences the 
forming of the fringes at the considered time of 100 sec. Therefore, we analyze the 
fringes distribution by relying on the square root of Lewis number, Eq. (6-16). By 
applying Eq. (6-17), thermal diffusivity in the case of Ci = 0.17 kg/kg is found to be 
1.44×10-7 m2/s. Now if we substitute the value of the thermal diffusivity α  and the two 
selected values of mass diffusivity D, 2×10-9 and 3.5×10-9 m2/s, in Eq. (6-16) we get the 
values 8.5 and 6.4, respectively. The depth that is propagated by temperature, zT, at t = 
100 sec can be calculated by using Eq. (6-18) and it is found to be 13.81 mm. Thus, the 
depths that are propagated by concentration, zC, can be easily obtained by dividing the 
depth 13.81 mm by the ratios 8.5 and 6.4, which are calculated by Eq. (6-16). The so 
obtained depths of the concentration propagation are 1.62 and 2.16 mm at D = 2×10-9 
and 3.5×10-9 m2/s, respectively. The two values of zC are represented in Fig. 6.10 (b) by 
the two horizontal dot lines and we found that they almost correspond to the fringes fr9 
and fr10, respectively. As we mentioned in the previous case of Ci = 0.59 kg/kg, the 
interpretation of these two lines is that each of them represents a boundary between two 
layers. The layer that is beneath the boundary line is characterized by fast fringes 
propagation and represents a pure thermal diffusion where mass does not penetrate it. 
The layer that is above the boundary line is named a layer of slow fringes propagation 
where both concentration and temperature superpose during the diffusion process and 
each of them has its own contribution in the forming and the propagation of the fringes. 
Figure 6.10 (a) shows the concentration distributions at t = 35 sec that are obtained 
by the theoretical solution and by the fringe analysis in the case of Ci = 0.17 kg/kg. With 
respect to the fringe analysis, we show again in Fig. 6.10 (a) the concentration 
distribution, as represented by the dots with cross marks, that was shown in Fig. 6.6 (a) 
and obtained by means of Eq. (6-13). Clearly there is no agreement between the 
concentration distribution obtained by fringe analysis and that obtained by the 
theoretical solution. This disagreement is resulted from the effect of heat upon the 
forming of the fringes especially at short time from starting the absorption, t = 35 sec. 
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Again, we rely on the square root of Lewis number, Eq. (6-16) to determine the position 
of the boundary line between the two distinguished layers. By substituting the value 35 
sec of the time in Eq. (6-18) we get the depth that is propagated by temperature zT = 
8.17 mm. Then, by implementing Eq. (6-16) we get the depths that are propagated by 
concentration, zC, which are found to be 0.96 and 1.28 mm corresponding to the two 
values of mass diffusivity D, 2×10-9 and 3.5×10-9 m2/s, respectively. These two values 
of zC are situated in the area of dense fringes so that we can not find the fringes that 
correspond to the boundary lines. 
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 (a) t = 35 sec. 
 
 
 
 
 
(b) t = 100 sec. 
 
 
Fig. 6.10 Concentration distribution in the liquid bulk in the case of Ci = 0.17 kg/kg. 
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To clarify the effect of the thermal diffusion on the fringes formation and distribution, 
Fig. 6.11 is introduced shows the temperature distributions in the liquid bulk at three 
selected times, 35, 100 and 240 sec in the case of Ci = 0.17 kg/kg. In Fig. 6.11 we can 
clearly see the effect of the thermal diffusion where the temperature gradient is very 
sharp at the short time of 35 sec, and this gradient gets smoother whit the elapse of time 
so that when t = 240, the gradient becomes very slight. Figure 6.11 supports the fact that 
the fringes distribution is dominated by the temperature change at short time from 
starting the absorption, 35 sec. 
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Fig. 6.11 Temperature distribution in the liquid bulk in the case of Ci = 0.17 kg/kg. 
 
It is worth mentioning that the depths of the fringes as represented in Figs. 6.8 (a) 
and (b) and in Figs. 6.10 (a) and (b) are measured by using the same image processing 
software program which was used to get the distance z1L between the interface and the 
thermocouple that measures the temperature T1L. The shortest distance that can be 
measured by this program is 1 pixel which is found to correspond to 0.03 mm in the 
images taken to the visualized fringes. 
The resolution of the concentration distribution by optical measurement is obtained 
by dividing the value of the concentration change caused by one fringe formed, Co that 
is given by Eq. (6-12), by the initial mass fraction value. The obtained resolutions are 
0.47 % and 0.26 % for the cases Ci = 0.17 and Ci = 0.59 kg/kg, respectively. 
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C H A P T E R  7  
MASS DIFFUSION FLUX 
Diffusion flux is defined as the rate per unit area at which mass moves [25]. In this 
Chapter, mass diffusion flux, in g/(m2s), is derived by implementing two different ways. 
The first way is accomplished by means of the developed equation which allows 
calculating the total ammonia mass absorption by vapor pressure drop and interface heat 
flux principles as was explained in Chapter 5. The second way is accomplished by 
means of concentration distribution in the liquid bulk which was obtained by the 
theoretical solution and by the fringe analysis as was explained in Chapter 6. Lastly, a 
comparison is made between these two ways of calculating the mass diffusion flux and 
a proposal of the absorption reaction mechanism is adopted. 
 
7.1 Mass diffusion flux by the developed equation 
In Chapter 5 we could develop an equation that allows calculating the total absorbed 
mass of ammonia per unit area until any time up to 120 sec from starting the absorption 
and for any value of the initial mass fraction Ci. Based on the vapor pressure drop and 
the interface heat flux estimations of the total mass absorption, the developed equations 
were found, respectively, as follows: 
2)( 12
21
111002
21
0100,
aC
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ietataatataam −+++++=                  (7-1) 
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21
111002
21
0100,
bC
heata
ietbtbbtbtbbm −+++++=                   (7-2) 
where the coefficients of these two equations are presented in Appendix II. By taking 
the first derivative of Eqs. (7-1) and (7-2) with respect to time we get the mass diffusion 
flux, in g/(m2s), by the vapor pressure drop and the interface heat flux principles, 
respectively, as follows: 
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Figures 7.1 (a) and (b) show the mass diffusion flux that is obtained by Eqs. (7-3) 
and (7-4), respectively. In Figs. 7.1 (a) and (b) and in the case of Ci = 0.0 kg/kg, the 
mass diffusion flux decreases sharply within about 10 seconds from starting the 
absorption and continues decreasing but very slowly. The maximum value of the mass 
diffusion flux at the beginning of the absorption depends strongly upon the initial mass 
fraction Ci in that it decreases dramatically with increasing Ci until it almost vanishes in 
the case of Ci = 0.82 kg/kg which indicates very slow rate of reaction.  
 From Figs. 7.1 (a) and (b) we can see that there is no agreement between the mass 
diffusion flux obtained by the two principles of vapor pressure drop and the interface 
heat flux especially in the cases of low ammonia initial mass fraction, Ci. To illustrate 
clearly this point, Fig. 7.2 is introduced which shows a comparison between the mass 
diffusion flux that is obtained by Eqs. (7-3) and (7-4) as function of the initial mass 
fraction, Ci, and at two different times of t = 1 sec, immediately after absorption started, 
and one minute after absorption started, t = 60 sec. The horizontal axis, 1-Ci, represents 
the driving force of the mass flux across the interface where the number 1 is the unity 
and means that pure ammonia vapor flows into the test cell to be absorbed. At t = 1 sec, 
the mass diffusion flux in the case of 1-Ci = 1.0, in which the driving force is the 
maximum, is about 7.3 by the vapor pressure drop and about 5.3 g/(m2s) by the interface 
heat flux, while in the case of 1-Ci = 0.18, in which the driving force is the minimum, it 
is 0.1 by the vapor pressure drop and 0.4 g/(m2s) by the interface heat flux, (see Table 
7.1). After 60 sec from starting the absorption, the values become 0.8 and 0.5 g/(m2s) in 
the case of 1-Ci = 0.0 by vapor pressure drop and interface heat flux, respectively, while 
in the case of 1-Ci = 0.18, the values become 0.05, the same for the two principles of 
vapor pressure drop and interface heat flux, (see Table 7.1). Two remarkable notices can 
be observed in Fig. 7.2 and the related Table 7.1. The first one is the strong dependency 
of the mass diffusion flux upon the initial mass fraction Ci especially at short time from 
starting the absorption. As an example, the ratio of the mass diffusion flux in the case of 
1-Ci = 1.0 over that in the case of 1-Ci = 0.18 when t = 1 sec is 73.0 by the vapor 
pressure drop and 13.25 by the interface heat flux. The second notice is the sharp 
decrease in the mass diffusion flux with the elapse of time, and when t = 60 sec the ratio 
of the previous example becomes 16.0 by the vapor pressure drop and 10.0 by the 
interface heat flux.  
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(a) By vapor pressure drop, Eq. (7-3). 
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(b) By interface heat flux, Eq. (7-4). 
 
Fig. 7.1 Mass diffusion flux obtained by vapor pressure drop and interface heat flux 
principles in all the cases of different Ci. 
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Fig. 7.2 Mass diffusion flux obtained by vapor pressure drop and interface heat flux 
principles as a function of Ci and at two different times. 
 
 
am&  [g/(m2s)] 
t = 1 [sec] t = 60 [sec] 
By VPD By IHF By VPD By IHF 
1 - Ci = 
1 
1 - Ci = 
0.18 
1 - Ci = 
1 
1 - Ci = 
0.18 
1 - Ci = 
1 
1 - Ci = 
0.18 
1 - Ci = 
1 
1 - Ci = 
0.18 
7.3 0.1 5.3 0.4 0.8 0.05 0.5 0.05 
 
Table 7.1 Values of the mass diffusion flux taken from Fig. 7.2 at two different times in 
the two cases of 1-Ci = 1 and 1-Ci = 0.18. 
VPD: vapor pressure drop, IHF: interface heat flux. 
 
It is worth mentioning that although the relative standard deviation shows 
comparatively big errors at very short time from starting the absorption, nearly 18 % as 
indicated by Fig. 5.11 in Chapter 5, we show in Fig. 7.2 the data at t = 1 sec because we 
are interested in the mass flux soon after absorption started. 
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7.2 Mass diffusion flux by concentration distribution 
Based on Fick’s law, the mass diffusion flux across the interface, in g/(m2s), can be 
found as follows, [25]: 
0=
−=
z
La dz
dCDm ρ&                                             (7-5) 
where, D is the mass diffusivity and Lρ  is the liquid density which can be obtained 
from the PROPATH program [20] by the two known parameters of interface estimated 
temperature and measured vapor pressure at a time t. To be able to implement Eq. (7-5), 
the concentration distribution in the liquid bulk must be known so that the derivative 
dzdC  at the time of interest can be found. As was explained in Chapter 6, the 
concentration distribution in the liquid bulk could be obtained both theoretically by 
solving the one-dimensional diffusion equation, and experimentally by analyzing the 
visualized fringes. In the following sub-paragraphs details are presented about how to 
get the mass diffusion flux by means of Eq. (7-5) noting that we will limit the 
calculation to the case of ammonia initial mass fraction Ci = 0.59 kg/kg. 
 
7.2.1 The theoretical solution 
In Chapter 6 we could get theoretically the concentration distribution in the liquid 
bulk as a function of position z and time t. The solution is expressed by the following 
equation, (see Eq. (III-1) in Appendix III): 
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By derivating Eq. (7-6) with respect to position z at a fixed time t we get the following 
equation: 
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In Eq. (7-7) we put z = 0 to indicate the interface and then we substitute the resultant 
expression in Eq. (7-5) to get the mass diffusion flux at the considered time: 
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( )

 Γ++−= 5.1)2(1 120, rtrCrtDm iLtheoa πρ&                          (7-8) 
The subscript theo is abbreviated from theoretical and indicates that the obtained mass 
diffusion flux is calculated by the theoretical solution of the concentration distribution. 
The coefficients rj are presented in Table III.1 in Appendix III. Equation (7-8) requires a 
value of the mass diffusivity D and we implement the two values of 2×10-9 and 5×10-9 
m2/s that were adopted in Chapter 6 for the case of Ci = 0.59 kg/kg. 
 
7.2.2 The fringe analysis 
Also in Chapter 6 we could analyze the visualized fringes at a time t to get the 
concentration distribution in the liquid bulk. We can implement the obtained 
concentration distribution to get the mass diffusion flux across the interface by means of 
Fick’s law as expressed by Eq. (7-5). We need to find the relation dzdC  at the time of 
interest. By observation, we found that the concentration distribution obtained by the 
fringe analysis as a function of the depth z at a time t obeys the following exponential 
function: 
bz
i aeCC
−=−                                                      (7-9) 
where, Ci is the initial mass fraction of ammonia, and C is the concentration at the depth 
that corresponds to a certain fringe. By derivating Eq. (7-9) with respect to depth z and 
making z = 0 to indicate the interface we get the following equation: 
ab
dz
dC
z
−=
=0
                                                  (7-10) 
 
Our target now is to find the constants a and b so that Eq. (7-10) becomes known and, 
consequently, the mass diffusion flux given by Eq. (7-5) can be calculated. By taking 
the logarithm of Eq. (7-9) we get the following equation: 
( ) bzaCC i 4342.0loglog −=−                                   (7-11) 
This is a linear relation between the concentration and the depth for which b represents 
the gradient, this relation is drawn in Fig. IV in Appendix IV for the case of Ci = 0.59 
kg/kg and t = 85 sec. By substituting Eq. (7-10) in Eq. (7-5) we get the mass diffusion 
flux as: 
Lfra abDm ρ=,&                                                 (7-12) 
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The subscript fr is abbreviated from fringe and indicates that the obtained mass 
diffusion flux is calculated from the concentration distribution that is obtained by fringe 
analysis. The constant a corresponds to z = 0 mm in Eq. (7-9) and it can be found from 
the drawing of the relation (7-11), Fig. IV in Appendix IV. Finally, by substituting the 
values of a, b, Lρ  and D in Eq. (7-12) we get the mass diffusion flux in g/(m2s) at the 
considered time. The above mentioned calculation were done for the case of Ci = 0.59 
kg/kg at seven different times, 15, 40, 55, 70, 85, 100, and 120 sec and for two values of 
the mass diffusivity D, 2×10-9 and 5×10-9 m2/s. Details of the calculation procedure are 
presented in Appendix IV at t = 85 sec as an example. 
Figures 7.3 (a) and (b) show the mass diffusion flux that is calculated by all the 
above mentioned ways and for two different values of the mass diffusivity D, 2×10-9 
and 5×10-9 m2/s, respectively. Many considerable points can be observed in Figs 7.3 (a) 
and (b). The first one is that the mass diffusion flux by fringe analysis, Eq. (7-12), is 
higher than that by theoretical solution, Eq. (7-8). This behavior can be justified by the 
fact that in the slow layer of fringes propagation, mass and heat superpose during the 
diffusion process, therefore, fringes are formed not only by mass but by some heat 
effect as we saw in Chapter 6. This fact, which was explained in details in the paragraph 
6.4 of Chapter 6, results in higher values of mass diffusion flux compared to that 
calculated by the concentration distribution obtained theoretically. The second point is 
that the mass diffusion flux by concentration distribution obtained theoretically, Eq. (7-
8) is closer to those by the other ways when D = 5×10-9 m2/s. On the other hand, the 
mass diffusion flux by fringe analysis when D = 5×10-9 m2/s, Fig. 7.3 (b), is the highest 
among the others at very short time from starting the absorption, 15 sec. With the elapse 
of time it gets closer to the mass diffusion flux obtained by the vapor pressure drop until 
a good agreement is noticed in the time range of 55 ~ 100 sec. This leads us to conclude 
that the mass diffusion flux by the fringe analysis suggests the mass diffusivity to be 
high, 5×10-9 m2/s. At the same time, the mass diffusion flux by the theoretically 
obtained concentration distribution also suggests the high value of the mass diffusivity, 
(compare Figs. 7.3 (a) and (b)). 
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(a) D = 2×10-9 m2/s. 
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(b) D = 5×10-9 m2/s. 
 
Fig. 7.3 Mass diffusion flux obtained by the developed equation and the concentration 
distribution in the case of Ci = 0.59 kg/kg. 
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7.3 Proposed model of absorption reaction 
Based on the above analysis and observations, a mechanism of the absorption 
reaction may be proposed as shown in Fig. 7.4. According to this model, the sharp 
decrease in the mass diffusion flux especially in cases of low initial mass fraction Ci 
indicates a fast consumption of ammonia from the vapor bulk by reacting with the water 
liquid that exists at the interface according to the following absorption reaction: 
1323 )()()( QaqNHlOHgNH +=∞+                                (7-13) 
As a result, the interface becomes saturated with the reaction product, NH3 (aq), within 
very short time so that the progress of the reaction becomes very difficult due to the 
limited existence of free water molecules at the interface. The next step is the diffusion 
of the new structure, i.e., the reaction product. This diffusion is very slow, of 1×10-9 
m2/s order [11,12], therefore, the mass diffusion flux continues decreasing but very 
slowly since the absorption reaction at the interface is limited to the diffusion of the 
product into the liquid bulk. The consumption of ammonia vapor in the absorption 
reaction (7-13) is necessarily accompanied with consumption of free water liquid. This 
leads to creating a negative concentration gradient of the free water that causes its 
diffusion in reverse direction to the diffusion of the reaction product, i.e., from the 
liquid bulk towards the interface, as can be seen in Fig. 7.4. 
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Fig. 7.4 Proposal of the absorption reaction mechanism and the resulted driving forces 
of diffusion. 
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C H A P T E R  8  
CONCLUSIONS AND SUGGESTIONS 
In this experimental research, ammonia absorption phenomenon was visualized and 
investigated. Superheated ammonia vapor was allowed to flow into a test cell to be 
absorbed into a stagnant pool of ammonia water mixture of different ammonia mass 
fraction Ci. Total mass of ammonia absorption per unit area was estimated by 
implementing two different principles. The first one is based on converting vapor 
pressure drop during the absorption process to absorbed mass by using two gas state 
equations, the ideal one and the Tillner-Roth and Friend actual equation. The second 
principle is based on converting the interface heat flux, which was estimated by inverse 
heat conduction problem solution, to absorbed mass with the help of the absorption 
reaction molar enthalpy. As a result, a mathematical equation is developed which allows 
calculating the total absorption mass of ammonia per unit area until any time up to 120 
sec from starting the absorption and for any value of ammonia mass fraction Ci under 
the current experimental conditions. Absorption process was visualized by Mach-
Zehnder interferometer, and the obtained fringes were analyzed to get the concentration 
distribution together with that obtained by the theoretical solution in which ammonia 
concentration at the interface was not constant with time. The mass diffusion flux was 
derived by implementing two different ways. The first way is achieved by means of the 
developed equation using the vapor pressure drop and the interface heat flux. The 
second way is achieved by means of the concentration distribution in the liquid bulk that 
is obtained both theoretically and experimentally. With respect to the declared 
objectives in Chapter 1 and to the measurements and the analysis results, the following 
conclusions are adopted: 
1. The sharp and sudden rise in the measured temperature of the liquid and the vapor 
bulks at points very close to the interface especially in the cases of low ammonia 
mass fraction Ci indicates a high affinity between ammonia and water to react 
chemically. In other words, the equilibrium constant of the absorption reaction is 
very high. 
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2. The total mass absorption of ammonia per unit area decreases dramatically with 
increasing ammonia initial mass fraction, Ci, of the liquid mixture into which it is 
absorbed. 
3. A very good agreement is obtained between the total mass absorption estimated by 
the ideal gas state equation and that by the actual state equation of Tillner-Roth and 
Friend. 
4. In dilute solutions, low initial mass fraction Ci, the total mass absorption per unit 
area which is estimated by the interface heat flux does not agree with that obtained 
by the vapor pressure drop. However, when Ci gets higher, the two estimations get 
closer until a good agreement is obtained when Ci approaches 0.6. The main reason 
behind the disagreement in the cases of dilute solutions is that the part of heat 
which transfers into the vapor bulk could not be included within the interface heat 
flux that is estimated by inverse problem. 
5. An equation is developed that allows calculating the total mass absorption of 
ammonia per unit area until any time up to 120 sec from starting the absorption and 
for any value of ammonia initial mass fraction Ci, under the current experimental 
conditions. 
6. Interestingly enough, the two principles of estimating the total mass of absorption, 
vapor pressure drop and interface heat flux, show the same tendency by obeying the 
same developed equation. This may indicate that both principles are inter-related 
from the absorption reaction point of view since vapor pressure drop reflects the 
consumption of ammonia vapor in the reaction, and interface heat flux reflects the 
thermal behavior of the reaction. 
7. The mass diffusion flux was calculated for the all carried experiments of different 
ammonia initial mass fraction Ci. It shows a great affinity between ammonia and 
water to react chemically. It also shows a strong dependency on Ci in that with 
increasing Ci, the mass diffusion flux decreases dramatically. 
8. The visualized fringes were analyzed to obtain the concentration distribution with 
the help of Lewis number. The so obtained distribution was compared with that 
calculated by the theoretical solution. 
9. The fringe analysis in the two cases of Ci = 0.17 and Ci = 0.59 kg/kg show two 
layers with different speeds of fringes propagation. The first layer is characterized 
with fast fingers propagation where only thermal diffusion takes place while mass 
does not penetrate it since temperature propagation depth is nearly 10 times larger 
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than concentration propagation depth in ammonia water mixtures. The second layer 
is characterized with slow fringes propagation where mass and heat superpose 
during the diffusion process and each of which contributes in the formation and the 
propagation of the fringes. At short times from starting the absorption, heat greatly 
affects the fringes propagation but with the elapse of time, heat effect becomes 
gradually small and, therefore, mass diffusion dominates the slow fringes 
propagation layer.  
10. In the case of Ci = 0.59 kg/kg and after relatively long time from starting the 
absorption, 360 sec, the concentration distribution obtained by the fringe analysis 
agrees with that obtained by the theoretical solution when mass diffusivity D = 
5×10-9 m2/s where heat has a small effect on the fringes distribution at the 
considered time. 
 
At the end of this study and with regard to the work done for the sake of 
understanding the ammonia absorption phenomenon, we may emphasize the following 
two points:  
1. Absorption relies on the affinity between ammonia and water to undergo a chemical 
reaction. A focus should be made to investigate the mechanism of the absorption 
reaction itself and it would be very helpful to find out the reaction equilibrium 
constant, which is the measure of the reaction tendency, in addition to the structure 
and the identity of the reaction products. 
2. To have complete information about the thermal behavior of the absorption reaction, 
the part of heat that transfers into the vapor bulk, which could not be estimated by 
using the inverse heat conduction problem solution, should be properly calculated 
so that the total interface heat flux becomes known. 
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A P P E N D I X  I  
Absorption reaction 
Absorption reaction is exothermic, and the released heat depends upon the final 
concentration of the formed mixture, Cf. When 1 mole of ammonia vapor is absorbed 
into huge amount of liquid water, the Cf of the formed mixture is almost 0.0 mole 
fraction, and the reaction can be written as follows: 
1323 )()()( QaqNHlOHgNH +=∞+                                     (I-1) 
where, Q1 = 34.18 kJ/mol is the heat of solution which is the same of the standard 
solution enthalpy osolH∆−  at the temperature 298 K and the pressure 1 atm [22]. The 
reaction molar heat Q1 consists of two parts where the first one is the latent heat of 
condensation condH∆−  that has the value of 23.35 kJ/mol at 1 atm. The second part is 
the solution enthalpy 0.0,solH∆−  of forming a mixture that has a final mole fraction Cf 
which is almost 0.0. The aq sign stands for aqueous and indicates huge amount of the 
solvent, water. 
If we consider the absorption of 1 mole of ammonia vapor into 1 mole of water 
liquid we will have the following reaction: 
22323 )()()( QOHNHlOHgNH +=+                                    (I-2) 
where in this case Cf = 0.5 and the heat of solution 5.0,2 solHQ ∆−=  is less than that of 
Q1 and corresponds to forming a mixture of 0.5 final mole fraction Cf. The difference 
between any two heats of solution yields a value for a heat of dilution [26]. Therefore, if 
the Cf = 0.5 mole fraction mixture that is formed by the reaction (I-2) is diluted by being 
dissolved into huge amount of water liquid, the following reaction is involved: 
33223 )()()( QaqNHlOHOHNH +=∞+                                (I-3) 
where Q3 is the heat of dilution, 0.05.0, →∆− dilH , from a solution of initial mole fraction 
Ci = 0.5 to a solution of almost 0.0 final mole fraction Cf. Few papers have been found 
that have discussed the heat of dilutions in ammonia water system such as the 
experimental work of Rumpf et al. [27]. However, Table I.1 shows the heat of dilutions 
of ammonia water mixtures of various initial mole fractions Ci in huge amount of water 
at 25 oC [22]. From Table I.1 we can see that 0.05.0,3 →∆−= dilHQ  = 1.31 kJ/mol. Thus, 
the molar heat of the reaction (I-2), Q2, can be found as: 
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molkJQQQQ /87.3231.118.342213 =−=⇒−=                       (I-4) 
The last consideration is the reaction which takes place inside the liquid bulk of the 
mixture to dissociate the ammonium hydroxide into ions as follows: 
442)( QOHNHOHaqNH ++=∞+ −+                                  (I-5) 
The equilibrium constant for a reversible chemical reaction is one of its characteristic 
properties and it has a fixed value at a given temperature, independent of such factors as 
initial concentration, container volume or pressure [28]. By definition, equilibrium 
constant is the ratio between the concentrations of the products over those of the 
reactants at an equilibrium condition. Thus, 
Kc = C(productes) / C(reactants)                                           (I-6)                       
The reaction (I-5) has a very small value of Kc, of 10-5 order, which indicates that this 
reaction has almost no affinity to occur. This leads us to conclude that the released heat 
Q4 inside the liquid bulk is too small to cause an effect. Surprisingly enough, 
equilibrium constant values for the several ammonia water reactions especially (I-1), 
and (I-2) are not known. After serious searching in the specialized papers and books that 
might handle this extremely important parameter, only two papers on this issue could be 
found. Alberty et al. [29] reported that the thermodynamic treatment of ammonia in 
dilute aqueous solutions involve consideration of the species NH3, +4NH , and NH4OH, 
but the hydration constant, equilibrium constant, for the following reaction: 
)()()( 423 spOHNHlOHspNH =+                                   (I-7) 
is not known, where sp refers to species. Note that the reaction (I-7) is identical to the 
reaction (I-2). The second work is by Simonelli et al. [30], where they reported that to 
determine chemical reactivity occurring on heterogeneous surfaces, it is desirable to 
ascertain aqueous-phase structural information of ammonia molecules at liquid 
interfaces. Simonelli et al. [30] probed the liquid-vapor interface of ammonia solutions 
using sum frequency generation, SFG, to obtain the vibrational spectrum of aqueous 
ammonia solution. They found that the surface of aqueous ammonia hydroxide consists 
of a net of NH3(aq) that are weakly hydrogen-bonded to surface water molecules. 
Unfortunately, there is no data of the heats of solution that covers the whole range of 
ammonia concentration especially above 0.5 mole fraction. This is why the reaction (I-
1) was adopted as the representative of the ammonia vapor absorption of this 
experimental work and, consequently, its molar heat was used in the related calculations. 
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This will not cause a big error since the two reactions (I-1) and (I-2) have very close 
values of molar heats. 
 
 
m (molality) 
(mol/kg) 
Ci  
mole fraction 
Moles of H2O  
(n1) 
Moles of NH3  
(n2) 
0.0, →∆ iCdilH  
(kJ/mol) 
55.506 0.5 1 1 -1.31 
20.0 0.26 2.775 1 1.69 
10.0 0.15 5.551 1 2.71 
5.0 8.3×10-2 11.1 1 2.72 
1.0 1.8×10-2 55.51 1 3.17 
0.5 8.9×10-3 1.11×102 1 3.48 
0.1 1.8×10-3 5.551×102 1 3.52 
5×10-2 9×10-4 1.11×103 1 3.54 
1.11×10-2 2×10-4 5×103 1 3.54 
5.55×10-3 1×10-4 1×104 1 3.47 
1.11×10-3 2×10-5 5×104 1 3.18 
5.55×10-4 1×10-5 1×105 1 3.02 
1.11×10-4 2×10-6 5×105 1 2.44 
 
Table I.1 Heats of dilutions of NH3-H2O mixtures in huge amount of water at 25 oC 
[22]. 
 
In Table I.1, molality is a concentration expression that is defined as the number of 
moles of solute per 1 kilogram of solvent [26]. 
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A P P E N D I X  I I  
Tables that are related to Chapter 5 
 
 
Until t  
[sec] 
a0  
[g/m2] 
a1  
[g/m2] 
5 1.4570 23.4094 
10 1.5593 35.3979 
15 1.5494 44.9391 
20 1.5133 53.0738 
30 1.4506 66.6911 
40 1.4405 77.9778 
50 1.4916 87.6763 
60 1.6011 96.1920 
70 1.7626 103.7778 
80 1.9707 110.6031 
90 2.2191 116.7905 
100 2.5027 122.4305 
110 2.8174 127.5928 
120 3.1587 132.3345 
 
Table II.1 Coefficients a0 and a1 of the approximation Eq. (5-9). 
Note: in Eq. (5-9), a2 = 0.26. 
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Until t  
[sec] 
b0  
[g/m2] 
b1  
[g/m2] 
5 1.0049 11.9328 
10 1.5687 19.4427 
15 1.9522 25.4738 
20 2.2615 30.6238 
30 2.7714 39.1913 
40 3.2042 46.1724 
50 3.5929 52.0328 
60 3.9522 57.0411 
70 4.290 61.3725 
80 4.6107 65.1502 
90 4.9171 68.4660 
100 5.2113 71.3898 
110 5.4942 73.9773 
120 5.7673 76.2735 
 
Table II.2 Coefficients b0 and b1 of the approximation Eq. (5-10). 
Note: in Eq. (5-10), b2 = 0.24. 
 
 
 
 
 
Coefficient a1j, (Eq. 5-11) Coefficient b1j, (Eq. 5-12) 
a10 
[g/m2] 
a11 
[g/(m2s1/2)] 
a12 
[g/(m2s)] 
b10 
[g/m2] 
b11 
[g/(m2s1/2)] 
b12 
[g/(m2s)] 
-10.7597 15.3046 -1.994×10-1 -11.4714 10.5750 -2.295×10-1
 
Table II.3 Coefficients a1j and b1j of the approximation Eqs. (5-11) and (5-12), 
respectively. 
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Coefficient a0j (Eq. 5-13) Coefficient b0j (Eq. 5-14) 
a00  
[g/m2] 
a01 
[g/(m2s1/2)] 
a02  
[g/(m2s)] 
b00 
[g/m2] 
b01 
[g/(m2s1/2)] 
b02 
[g/(m2s)] 
2.5077 -4.678×10-1 4.69×10-2 -6.83×10-2 5.012×10-1 2.67×10-3 
 
Table II.4 Coefficients a0j and b0j of the approximation Eqs. (5-13) and (5-14), 
respectively. 
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A P P E N D I X  I I I  
Solution of Eq. (6-14), which is related to Chapter 6, at the following specified 
initial and boundary conditions: 
 
I.C: t = 0, C = Ci = const. 
B.C: z = 0, C = Cint = r0 + r1t0.5 + r2t 
         z = ∞ , C = Ci = const. 
 
The solution of Eq. (6-14) is given as: 
( ) ( )
i
i
Ce
Dt
z
Dt
zerfc
Dt
ztr
Dt
zerfc
D
zetr
Dt
zerfcCrtzC
Dt
z
Dt
z
+






−





 ++






−Γ+

−=
−
−
4
2
4
2
22
1
2
25.1
2
),(
2
2
10
π
π
       (III-1) 
 
The coefficients rj are listed in Table III.1 
 
Ci = 0.17 kg/kg Ci = 0.59 kg/kg 
Time interval 
[sec] 
Time interval 
[sec] 
Coefficients 
rj 
[10,100] [10,60] [60,125] [125,600] 
r0 [kg/kg] 2.608×10-1 6.013×10-1 6.009×10-1 5.975×10-1 
r1 [kg/(kgs1/2]] -1.62×10-3 -1.1×10-4 -1.0×10-4 4.8×10-4 
r2 [kg/(kgs)] 6.0×10-5 1.0×10-5 2.0×10-5 -7.3×10-6 
 
Table III.1 Coefficients rj of Eq. (6-15) for the two cases of Ci = 0.17 and Ci = 0.59 
kg/kg. 
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A P P E N D I X  I V  
Mass diffusion flux by fringe analysis 
As was indicated in paragraph 7.2.2 of Chapter 7, in this Appendix we show the 
procedure of deriving the mass diffusion flux by the concentration distribution that is 
obtained by fringe analysis. We select as an example the concentration distribution at t 
= 85 sec of the case of Ci = 0.59 kg/kg and for D = 5×10-9 m2/s.  
Based on Fick’s law, the mass diffusion flux across the interface can be found from 
the following equation: 
0
,
=
−=
z
Lfra dz
dCDm ρ&                                          (IV-1) 
where, D is the mass diffusivity, Lρ  is the density of the liquid mixture, and dzdC  is 
the concentration distribution at a time t. To be able to apply Eq. (IV-1), the 
concentration distribution in the liquid bulk must be known so that the derivative 
dzdC  at the time of interest can be found. As it is explained in paragraph 7.2.2 of 
Chapter 7, the concentration distribution that is obtained by the fringe analysis at a time 
t is found to obey the following exponential function: 
bz
i aeCC
−=−                                                (IV-2) 
where, Ci is the initial mass fraction of ammonia, and C is the concentration at the depth 
that corresponds to a fringe. By derivating Eq. (IV-2) with respect to depth z and 
making z = 0 to indicate the interface we get the following equation: 
ab
dz
dC
z
−=
=0
                                               (IV-3) 
 
Our target now is to find the constants a and b. By taking the logarithm of Eq. (IV-2) we 
get: 
( ) bzaCC i 4342.0loglog −=−                                   (IV-4) 
For the case of Ci = 0.59 kg/kg and at t = 85 sec, the concentration distribution was 
obtained by fringe analysis with the help of the square root of Lewis number, Eq. (6-16) 
in Chapter 6. Figure IV.1 shows the obtained concentration distribution of the 
considered case represented by the solid dots, inserting D = 5×10-9 m2/s in the square 
root of Lewis number. These solid dots show a linear relation between the concentration 
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and the depth, Eq. (IV-4). Therefore, we draw in Fig. IV. 1 the solid line whose gradient 
b is calculated by any two points on it as follows: 
( ) ( )[ ]
( ) 312
21
104342.0
log
−×−
−−=
zz
CCCCb ii                                        (IV-5) 
In Fig. IV.1, the value of the gradient b of the solid line is found to be 1.066×103. By 
substituting Eq. (IV-3) in Eq. (IV-1) we get the mass diffusion flux: 
Lfra abDm ρ=,&                                                 (IV-6) 
The constant a is that corresponds to z = 0 mm in Eq. (IV-2), and from Fig. IV.1 it is 
found to be 0.021 kg/kg. In Eq. (IV-6) Lρ  is the density of the liquid mixture, and it is 
obtained by PROPATH program [20] at the two known parameters of the interface 
estimated temperature and the measured vapor pressure at t = 85 sec, 
3/048.789 mkgL =ρ . Thus, by substituting the values of a, b, Lρ  and D = 5×10-9 m2/s 
in Eq. (IV-6) we get the value 0.0883 g/(m2s) of the mass diffusion flux at the 
considered time of 85 sec. 
We tentatively calculated the relative error of the calculated mass diffusion flux by 
Eq. (IV-6) by drawing another line in Fig. IV.1, the dashed line. The resulted value is 
found to be 0.0563 g/(m2s) and, therefore, the relative error is nearly 36%. 
 
0.0 0.5 1.0 1.5 2.0 2.5
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 concentration distribution
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Fig. IV.1 Concentration distribution by fringe analysis in the case of Ci = 0.59 kg/kg at t 
= 85 sec and for D = 5×10-9 m2/s. 
 
